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SYNOPSIS
The aim o f th is  work is  to  in v e s tig a te  the mechanical p ro p e rtie s  o f 
carhon f ib re  re in fo rc e d  epoxy re s in s  and some o f the fa c to rs  which a ffe c t 
these p ro p e rt ie s . D iffe re n t f ib re / re s in  systems are examined and the 
p ro p e rtie s  in v e s tig a te d  are the f le x u ra l s tren g th , in te r la m in a r shear 
s tre n g th , fa tig u e  behaviour and fra c tu re  toughness. In  order to  use the 
composites sa fe ly  and e f f ic ie n t ly  i t  i s  im portant to  understand the 
va ria b le s  which a f fe c t  the mechanical p ro p e rtie s  o f the m a te ria l and the 
fa i lu re  mechanisms which are l i k e ly  to  occur under a given set o f 
circum stances. In  some cases the re s u lts  o f the experiments must be tre a te d  w ith  
cau tion , e .g . short beam in te r la m in a r shear s treng th  ILSS te s ts ,  because the 
re s u lts  are d i f f i c u l t  to  in te rp re t  in  terms o f the fra c tu re  mode observed.
The in te rp re ta t io n  o f the re s u lts  o f the te s ts  and th e ir  s ig n if ic a n c e  in  
terms o f the improvement o f composite p ro p e rtie s  are discussed.
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1.1 INTRODUCTION
The development o f h igh s tre n g th , h igh s t if fn e s s  carbon f ib re s  
from a p o ly a c ry lo n it r i le  precursor P.A.N. (1 ) ,  has caused a great 
deal o f in te re s t  in  the f ie ld  o f continuous f ib re  re in fo rce d  
composite m a te ria ls .
Carbon f ib re  is  im portant as a re in fo rc in g  m a te ria l because of 
i t s  h igh s p e c if ic  s treng th  and h igh s p e c if ic  s t i f fn e s s .  F igure 1 (2) 
compares these p rope rtie s  fo r  severa l d if fe re n t  m a te ria ls . The high 
s p e c if ic  s t if fn e s s  makes carbon f ib re  a more a t tra c t iv e  m a te ria l 
than g lass, e s p e c ia lly  in  the a i r c r a f t  in d u s try .  U n fo rtuna te ly , the 
high production costs o f la rg e  scale carbon f ib re  manufacture have 
lim ite d  i t s  use to  spe c ia lize d  a p p lic a tio n s  where cost is  not the 
most im portan t co n s ide ra tion . The f ib re  should the re fo re  be used as 
e f f ic ie n t ly  as possib le  and in  order to  do th is  an understanding of 
the composite p ro p e rtie s  and the fa c to rs  which a ffe c t them is  
e s s e n tia l.
The aim o f th is  chapter i s  to  review  the work c a rrie d  out to  
in v e s tig a te  the mechanical p ro p e rtie s  o f carbon f ib re  -  epoxy re s in  
composite m a te ria ls . The p ro p e rtie s  o f both f ib re  and x’es in , the 
fa c to rs  which a f fe c t  these p ro p e rtie s , the design requirements o f 
composite m a te ria ls  and the te s tin g  methods used to  ob ta in  mechanical 
p roperty  data are a l l  in v e s tig a te d .
1 .2  CHEMISTRY AND MORPHOLOGY OF CARBON FIBRES
The two main sources o f commercial carbon f ib re s  are syn th e tic  
f ib re s  and p itc h .  The mechanical p ro p e rtie s  o f the carbon f ib re  are 
d ic ta te d  by i t s  s tru c tu re , s y n th e tic  f ib re s  are much more ordered than 
p itc h  and they present a more a t t ra c t iv e  s ta r t in g  po in t p rov id ing  th is  
s tru c tu re  can be re ta in e d . The process o f converting  syn th e tic  f ib re s  
in to  carbon f ib re s  u su a lly  in vo lve s  hea ting  the f ib re  to  a t le a s t 1500 °C 
and most syn th e tic  f ib re s  m elt before decomposition and thus lose  th e ir  
o rien ted  s tru c tu re . The high m e lting  temperatures o f P.A.N. and rayon, 
a t tr ib u ta b le  to  the strong in te rm o le cu la r forces in h ib i t in g  m olecular 
m otion, make them a t t ra c t iv e  precursor m a te ria ls . The conversion o f 
P.A.N. to  carbon f ib re  is  cheaper and eas ie r to  ca rry  out than th a t o f 
rayon which requ ires  an a d d it io n a l expensive hot s tre tc h in g  process.
CHAPTER 1 LITERATURE SURVEY
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Many o ther p o te n tia l p recursor m a te ria ls  have been considered 
(3» 4> 5> 6, 7 t 8, 9) but these have not been w ide ly  commercially 
e xp lo ite d .
1*2*1 PRODUCTION OF CARBON FIBRES FROM A P.A.N. PRECURSOR
There are three main stages in  the conversion o f P.A.N. to  
carbon f ib r e ,  o x id a tio n , ca rbon iza tion  and g ra p h it iz a t io n .
1 ,2 .1 (1 ) O xidation
P.A.N. f ib re s  v/hich have been o rien ted  by sp inn ing and hot 
s tre tc h in g  are heated on a wooden frame in  a i r  a t 220 °C fo r  f iv e  
hours. The frame prevents shrinkage o f the precursor which would
cause re la x a tio n  and rn iso rie n ta tio n  o f the m olecular cha ins. The
importance o f ox id a tio n  i s  to  convert the P.A.N. in to  the rm a lly  
s tab le  ladder polymer v/hich does not undergo chain sc iss io n  when 
s tro n g ly  heated (1 and 1 0 )0 
1 ,2 .1 (2 ) Carbonization
The ox id ized  f ib re s  are heated to  a temperature o f 1000 -  
1500 °C and the side chain elements are removed in  the form o f ammonia,
hydrogen cyanide and v/a ter. In  th is  stage there is  a tendency to  produce
s ix  membered r in g s  in  re a c tio n s  v/hich occur during ca rbon iza tion  and 
these presumably lead to  the hexagonal arrangement o f atoms in  the carbon 
f ib re  (1 1 ).
1 .2 .1 (3 ) G ra n h itiza tio n
This i s  a h igh temperature treatm ent -  3000 °C which in vo lves  
changing the s tru c tu re  o f the carbonized f ib re  and is  described more 
f u l l y  in  the next s e c tio n .
I * 2 *2 STRUCTURE OF CARBON FIBRES
At heat treatm ent temperatures o f about 1000 ** 1500 °C e lec tron  
microscope (12) and X-ray in v e s tig a t io n s  (11 and 12) revea l th a t the 
carbon atoms form an hexagonal co n fig u ra tio n  held toge ther by covalent 
bonding between the atoms and the hexagons are lin k e d  to  form p lanar 
s tru c tu re s  (1 1 ). The hexagonal la ye rs  form long narrow ribbon  l ik e  
s tru c tu re s  which pack toge ther to  form m ic r o f ib r i ls  o f tu rb o s tra t ic  
g ra p h ite . The ribbons become tw is te d  toge ther to  form a la rg e r  
s tru c tu ra l u n it  known as a f i b r i l  and bundles o f f i b r i l s  c o n s titu te  
the f ib re  (11 and 13) .
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Many workers have characte rized  carbon f ib re  s tru c tu re  in  terms 
o f the parameters La and Lc determined from e lec tron  microscopy and 
h igh angle X-ray d i f f r a c t io n  (14, 15 and 1 6 ), these parameters 
represent the dimensions o f c r y s ta l l i te s  in  the a and c d ire c tio n s  o f 
the g raph ite  la t t ic e *  I f  a continuous bending o f the la t t ic e  planes 
occurs, ha more accu ra te ly  represents the mean le ng th  o f the s tra ig h t  
basal plane (17 and 18)• I t  i s  gene ra lly  agreed th a t La and Lc increase 
w ith  increase in  heat treatm ent tem perature, th is  may be in te rp re te d  in  
terms o f an increase in  p re fe rre d  o r ie n ta t io n .
The ca rbon iza tion  and g ra p h it iz a t io n  processes in vo lve  a 
realignm ent o f c r y s ta l l i te s  towards the a x ia l d ire c t io n  (19 and 20) 
and a t temperatures o f about 2800 -  3000°C there is  a h igh degree o f 
p re fe rred  o r ie n ta t io n ,  Wicks, Coyle and G i l l in  (21) suggested th a t the 
morphology o f the f ib re  formed a t h igh temperature in vo lve s  sheet l ik e  
elements arranged concentric  to  the f ib re s  a x is , th is  v/as confirmed by 
Stewart and Feughelman (22) using Stereoscan E lec tron  Microscopy 
techniques. Stewart and Feughelman a lso found th a t the cohesive forces 
w ith in  the sheet l i k e  u n its  are g rea te r than those between them. The 
core-sheath s tru c tu re  demonstrates th a t the f ib re  s tru c tu re  is  not 
homogeneous throughout i t s  c ross-sec tion  and i t  im p lie s  th a t a memory 
o f the o r ig in a l t e x t i le  f ib r e  o r ie n ta tio n  is  preserved on ly in  a lo c a l 
p a rt o f the f ib re  w h ile  elsewhere the te x tu re  may be severe ly degraded,
1*2*3 MECHANICAL PROPERTIES OF CARBON FIBRE
There are fo u r types o f carbon f ib re  a va ila b le  fo r  use in  composites:-  
Type 1 -  A h igh modulus carbon f ib r e  which is  produced a t 2800 -  3000°C .
I t  is  expensive because o f the h igh heat treatm ent temperatures used. I t  
has a low s t ra in  to  fa i lu re  and r e la t iv e ly  low energy to  fra c tu re .
Type 2 -  This has a h igh s treng th  and h igh s t ra in  to  fa i lu re  which make i t  
a more a t t ra c t iv e  p ro p o s itio n  fo r  most a p p lic a tio n s  where high modulus is  
not e s s e n tia l. I t  i s  a lso cheaper because o f the lower heat treatm ent 
tem peratures•
Type 3 “  This has a s l ig h t ly  lower s treng th  than type 2, i t  i s  heat 
tre a te d  a t a lower temperature and is  the re fo re  cheaper.
Type 4 ~ This is  processed a t 2000 -  2500°C and has p ro p e rtie s  in te rm ed ia te  
between types 1 and 2.
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During the ox id a tio n  o f P.A.N, based f ib re s ,  Youngs modulus remains
almost constant w h ile  the te n s ile  s tren g th  f a l l s  (23 and 24 ), At a
ca rbon iza tion  temperature o f on ly 400°C both te n s ile  s tren g th  and modulus
s ta r t  to  r is e  ( 23, 24 and 25) and continue to  do so u n t i l  heat treatm ent
temperatures above 1200°C are reached. Between 1000 and 3000°G the modulus
r is e s  continuously w ith  temperature w h ile  the te n s ile  s treng th  shows a
maximum between 1200 and 1500°C (2 and 26 ), The r is e  in  modulus may be
explained in  terms o f the o r ie n ta tio n  o f the g ra p h it ic  la y e rs , however
the decrease in  s treng th  a t h igh temperatures is  more d i f f i c u l t  to  exp la in  (17)*
Flaws v/hich in c lud e  vo ids from d isso lved gases, in c lu s io n s , and surface
i r r e g u la r i t ie s  obtained from the sp inn ing  process a f fe c t  the values o f f ib re
s treng th  (27, 28, 29 and 30)* Murphy and Jones have demonstrated the e ffe c t
o f surface flaw s by e tch ing  the f ib re  surface which ra ised  the te n s ile
s treng th  o f the f ib re s  w ith ou t a f fe c t in g  the maximum obtained a t 1500°C (1?) .
Cooper and Mayer expla ined the lo ss  in  s treng th  above 1500°C in  terms o f the
growth o f c r y s ta l l i te s  and th a t the s tren g th  a t low HTT*s s treng th  is  d ic ta te d
by the removal o f H and N atoms which produces a d e n s if ic a t io n  o f the f ib re  and
voids are trapped w ith in  the f ib re  s tru c tu re . At h igher temperatures the
Increase in  c r y s ta l l i t e  s ize  leads to  a reduction  in  s treng th  as in d ic a te d  by
the H a ll-P e tch  equa tion :-
- i  te n s ile  flow  s tress
ZZ +  K d Oq*~ res is tance  to  "d is lo c a tio n "  motion
14 _  constant
d —' c r y s ta l l i t e  diameter
The mechanical p ro p e rtie s  o f the f ib re  may be m odified by doping i t
w ith  boron atoms or i r r a d ia t io n .  Both o f these treatm ents increase the f ib re  
modulus and th is  i s  a t tr ib u te d  to  enhanced r e c ry s ta l l iz a t io n  and to  an 
increase in  the shear s t if fn e s s  o f the graph ite  by boron or by displacement 
o f atoms v/hich p in  d is lo c a tio n s ,
B u llock  (31) explained the s tren g th  p ro p e rtie s  in  terms o f the core­
sheath s tru c tu re  o f the f ib re s  in  v/hich the core is  more h e a v ily  flav/ed,
c o n tro ll in g  the s tre n g th , w h ile  the more p e rfe c t sheath co n tro ls  the
fay
modulus and is  re a d ily  a ffe c te d  b o th / ir ra d ia t io n  and o x id a tio n  when the 
f ib re  is  heated in  a i r .
1*2*4 SURFACE TREATMENT OF CARBON FIBRES
The surface o f carbon f ib re s  i s  p a r t ic u la r ly  unreactive  chem ically 
and poor bonds are formed w ith  polymers because o f the nature o f carbon and
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the fa c t th a t the f ib re s  have been formed in  an in e r t  atmosphere.
This poor bond can lead to  poor mechanical behaviour o f the composite 
and surface treatm ent i s  used to  overcome th is .  The treatm ent i s  
s im ila r  to  th a t used fo r  the a c t iv a t io n  o f charcoa l, where atoms which 
w i l l  take p a rt in  the e le c tro n  d e lo c a liz a tio n  phenomena are chem ica lly 
bonded to  the f ib re  su rface . These atoms can inc lude  oxygen, sulphur 
and n itro g e n , in  p ra c tic e  oxygen i s  used because ox id a tio n  i s  a simple 
process and the f ib re s  are heated fo r  short periods in  a i r  or ozone, or 
immersed in  a l iq u id  o x id iz in g  agent e .g . n i t r i c  acid  or a hyp o ch lo rite  
s o lu t io n . There is  a major disadvantage in  surface treatm ent however, 
the surface o f the f ib re s  becomes more h y d ro p h ilic  and water i s  
absorbed a t the f ib re  su rfa ce . Water bonds to  the surface p re fe re n t ia l ly  
causing debonding and f ib r e  p u ll-o u t  e sp e c ia lly  in  h o s t ile  environments 
(3 2  ) .  Nevertheless surface tre a te d  f ib re s  are most fre q u e n tly  used in
composites because o f the improvement in  the mechanical p ro p e rt ie s .
1.3 CHEMISTRY AND PROPERTIES OF EPOXY RESINS
Epoxy re s in s  are used in  a wide v a r ie ty  o f a p p lica tio n s , one o f the
most im portan t o f which i s  as a m a tr ix  fo r  f ib re  re in fo rc e d  m a te ria ls .
The fu n c tio n  o f a m a tr ix  i s  as fo llo w s  (33):*“
( i )  I t  provides a means by which the bad can be app lied  to  the 
s trong f ib re s ,
( i i )  I t  separates the f ib re s  and prevents cracks from passing 
c a ta s tro p h ic a lly  from one f ib re  to  ano ther.
( i i i )  I t  p ro te c ts  the f ib re s  from abrasive damage and a lso from 
environmental damage.
( iv )  A r e la t iv e ly  d u c t ile  m a tr ix  can provide a mechanism fo r  slow ing 
down cracks which might pass ra p id ly  throixgh b r i t t l e  f ib re s .
(v) Through i t s  in te r fa c ia l  s tren g th  the m a tr ix  can be an im portant 
mechanism in  c o n tro ll in g  the toughness o f the composite,
The uncured re s in s  are characte rized  by the th ree  membered epoxide 
r in g  g roup :-
The re ac tion s  o f th is  group re s u lt in g  in  r in g  opening are 
responsib le  fo r  cross l in k in g  ( i . e .  c u r in g ). The epoxide re s in  is  made
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up o f a t le a s t two co n s titu e n ts , the basic re s in  and the curing  agent. 
I t  i s  the v e r s a t i l i t y  o f the epoxy group th a t makes the re s in s  so 
a t t ra c t iv e  fo r  use in  composite m a te ria ls  as many d if fe re n t  cu ring
systems can be used to  m odify the p ro p e rtie s  or f a c i l i t a t e  fa b r ic a t io n .
Other co n s titu e n ts  may a lso be added, these include? f i l l e r s ,  dyes, 
so lven ts , p la s t ic iz e rs  and acce le ra to rs  and these a id  the production o f 
systems w ith  p a r t ic u la r  p ro p e rtie s  fo r  s p e c if ic  a p p lic a tio n s . The choice 
o f re s in  system is  th e re fo re  governed by the requirements o f the 
p a r t ic u la r  a p p lic a tio n .
The parent re s in s  may be c la s s if ie d  broad ly in to  the fo llo w in g  
groups:- q
( i )  G ly c id y l e thers -  R -O -C H ^ C H  “ CH^
/ v
( i i )  G ly c id y l este rs  -  Rr-CCXpCHj*CH— Cb^
^ ° \( i i i )  G ly c id y l amines -  RRN—CH“ CH — CH2 2
/O s ^
( iv )  L inear a l ip h a t ic  « R'~CH“ CH—R—'CH-*CH—R
(v) C y c lo a lip h a tic  -  . .C H
XCH CH °
^  R'*
By fa r  the most im portan t commercial re s in  group are the g ly c id y l 
e thers o f dihydroxy compounds. The d ig ly c id y l e ther o f b isphenol A 
accounts fo r  9%  o f epoxide re s in  p roduc tion .
1 .3*1 RESINS FROM DIGLYCIDYL ETHER OF BISPHENOL A
The d ig ly c id y l e ther o f b isphenol A (DGEBA) is  produced by the 
re a c tio n  o f bisphenol A and ep ich lo ro hyd rin  a t elevated temperatures in  
the presence o f aqueous caus tic  soda. The DGEBA produced has the general 
fo rm u la :-
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In  p ra c tic e  n u sua lly  va ries  between n = ) and n -  12. The DGEBA is  
characterized by an "epoxy equ iva len t" and the weight o f re s in  which 
contains 1 gram equ iva lent o f epoxide (when n =; 0 epoxy equ iva len t 
is  170). A se ries  o f re s in s  may be obta ined, each grade co n s is tin g  o f 
a m ixture  o f molecules d i f fe r in g  in  chain leng th  and m olecular w e igh t. 
Resins o f short chain le ng th  (low value o f n) are syrupy viscous 
l iq u id s ,  whereas re s in s  o f longer chain le ng th  are hard, b r i t t l e  amber 
coloured s o lid s  a t room tem perature. The epoxide re s in  may be 
characterized by a number o f parameters in c lu d in g ; epoxide equ iva len t, 
re s in  v is c o s ity ,  average m olecular weight and d is t r ib u t io n ,  m e lting  
p o in t o f the s o lid  re s in , heat d is to r t io n  temperature or hydroxyl 
equ iva len t (the  weight o f re s in  in  grams con ta in ing  one gram equ iva lent 
o f hydroxyl (34 and 3 5 ) ) .
The c h ie f reasons fo r  the development o f res ins  based on DGEBA are 
(a) the a v a i la b i l i t y  o f b isphenol A from the petroleum raw m a te ria ls  
and (b) the good mechanical and chemical p ro p e rtie s  e xh ib ited  by these 
re s in s  when hardened by a la rg e  v a r ie ty  o f c ro s s lin k in g  agents.
Other hydrogen con ta in ing  molecules used instead  o f bisphenol A 
are monohydric and po lyhyd ric  phenols which produce a high degree o f 
c ro s s - lin k in g  and tetrabrom obisphenol A which is  used to  produce flame 
re ta rda n t epoxide re s in s  (3 5 ).
1*3,2  OTHER RESIN SYSTEMS
1 .3 ,2 .1  Epoxy-novolak re s in s
Since the beginning o f re s in  technology attempts have been made 
to  ob ta in  re s in  systems which re ta in  th e ir  p rope rtie s  a t h igher 
temperatures. One approach was to  increase the c ro s s - lin k  dens ity  in  the 
cured polymer network by using p o ly fu n c tio n a l re s in s  or p o ly fu n c tio n a l 
cu ring  agents. This was the case fo r  the epoxidised novolak re s in  which 
may be represented gene ra lly  as fo llo w s :-
Novolaks based on a lk y l s u b s titu te s  or o ther phenols can also be used 
to  prepare epoxide re s in s .
Xn these re s in  systems the aromatic r in g  o f the g ly c id y l ether 
re s in s  is  replaced and the compact molecules which increase c ro s s - lin k  
dens ity  and im part r ig i d i t y  to  the thermoset re s in  are obtained from 
c y c lo a lip h a tic  r in g  s tru c tu re s . These s tru c tu re s  are incorpora ted  to  
improve the high temperature mechanical s treng th  fo r  long periods and to  
improve the e le c t r ic a l p ro p e rt ie s . Examples inc lude  (3 6 ) :-
Cyclohexene oxide Tricyclodecene oxide Cyclopentene oxide
Where X is  an e s te r, e th e r, im ide or amide and Y is  a hydrogen or the 
c y c lic  group attached to  X.
The c y c lo a lip h a tic s  and the g ly c id y l ethers reac t a t d if fe re n t  
ra te s  w ith  the various types o f cu ring  agents. The c y c lo a lip h a tic s  re a c t 
more s low ly  w ith  a l ip h a t ic  polyamines but there is  much le ss  d iffe re n ce  
w ith  acid-anhydride cu ring  agents. (35)®
The c y c lo a lip h a tic s  form b r i t t l e  s o lid s  w ith  h igh HDT and may have 
h igher te n s ile  and compressive s tre n g th s , lower f le x u ra l and impact 
p ro p e rtie s , lower shrinkage and b e tte r  long term temperature c h a ra c te r is t ic s  
than the DGEBA re s in s .
1 ,3 .3  CURING AGENTS
These are used to  convert the epoxide re s in  in to  a th re e - 
dimensional in fu s ib le  network held toge ther by covalent bonds. There are 
many chemical compounds which can be used to  cure epoxide re s in  and the 
co rre c t choice o f a cu ring  agent can be as im portant as the choice o f 
re s in  i t s e l f ,  both p lay in g  a p a rt in  determ ining the extent and nature o f 
the in te rm o le cu la r c ro s s lin k in g . The choice o f cu ring  agent to  be used 
depends on (35):"*
(a) the handling c h a ra c te r is t ic s  requ ired  or to le ra b le  in  the uncured 
system, such as v is c o s ity  a t working temperature, pot l i f e ,  exotherm, and 
to x ic i t y
(b) the cure and post cure time and temperature requirements
(c ) the p ro p e rtie s  (p h y s ic a l, mechanical, e le c t r ic a l and chemical) 
requ ired  o f the cured system
(d) the cost o f the curing  agent.
Curing agents have been considered in  the fo llo w in g  broad 
ca tegories:
1 ,3 .5 /Acid and ac id  anhydride curing  agents
Anhydrides are u su a lly  p re fe rre d  because acids produce water 
v/hich may lead to  foaming. The cu ring  mechanism is  complex but the f i r s t  
stage is  probably the opening o f the anhydride r in g  by an a lc o h o lic  
hydroxyl group.
On
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Other poss ib le  re ac tion s  a re ;-
( i )  Reaction o f the epoxy group w ith  the ca rboxy lic  group formed in  the above
( i i )  E th e r if ic a t io n  o f the epoxy groups
( i i i )  Reaction o f the monoester w ith  an hydroxyl group to  form a d ie s te r
( iv )  H yd ro lys is  o f the anhydride to  the acid
(v ) H yd ro lys is  o f the monoester to  produce an ac id  and an a lco h o l.
Reactions ( i )  and ( i i )  are most im portan t as they produce e ro s s lin k in g . 
Examples o f common ac id  anhydride cu ring  agents are p h th a lic  anhydride 
(PA), hexahydrophthalic anhydride (HPA) m aleic anhydi’ id e  (MA) and methyl
(MA) and methyl nadic anhydride (NMA).
When used w ith  g ly c id y l e ther re s in s , anhydrides provide cured 
systems v/hich have good mechanical p ro p e rtie s  and b e tte r  h igh temperature 
s t a b i l i t y  than the amine-cured systems. The re s in  anhydride m ixture has a 
low v is c o s ity ,  long pot l i f e  and low v o la t i l i t y .  During the hot cure there 
is  on ly a l i t t l e  shrinkage o f the system and genera lly  low exothermic heat 
e v o lu tio n . The l im i ta t io n  to  the use o f anhydrides is  the long and h igh 
temperature cure schedules to  ob ta in  optimum p ro p e rtie s , although the use 
o f acce le ra to rs  a s s is ts  in  overcoming th is  drawback (35 and 37) .
1 .3 .3 .2  Amine curing  agents
Resins may be cross linked  by agents which l i n k  epoxy molecules.
The re a c tio n  w ith  a prim ary amine leads to  the form ation o f a secondary
f ^ V C O O R
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hydroxyl group and a secondary amine. This secondary amine can then undergo 
re a c tio n  w ith  another epoxide group to  form another secondary hydroxyl group
and a t e r t ia r y  amine. OH
RN H.-t- C F tS 'e  H —  5* RNH—-C H — C H —2 2 2
OH
? H ^On C H -C H -
RNH —  CH—C H — -4- C H -C H -  ------ ->  RN 2
2 2 \
CH —CH—
2 i ,OHit
G enera lly , l in e a r  and branched prim ary and secondary a l ip h a t ic  amines 
give good fa s t room temperature cures w ith  DGEBA, re s u lt in g  in  heat 
d e fle c tio n  temperatures in  the range 70 -  l 60°Cdepending on the re s in , the 
concentra tion  o f the amine and the cure cycle (3 8 ). C yc lic  a l ip h a t ic  amines- 
requ ire  a high temperature cure and g ive p ro p e rtie s  in  the cured casting  
s im ila r  to  those obtained from aromatic amines. Examples o f common a l ip h a t ic  
amines inc lude  d ie thy lene  tria m in e  (DETA) and tr ie th y le n e te tra m in e  (TETA). 
M o d ifica tio n s  have been made to  a lip h a t ic  amines in  order to  achieve
( i )  Improved c h a ra c te r is t ic s  such as longer pot l i f e ,  fa s te r  or slower 
cures and re s in  c o m p a ta b ility .
( i i )  Easier hand ling , lower v is c o s ity  and easier m ix ing .
The most commonly used m o d ifica tio n s  are those based on adducts o f the 
polyamine w ith  (a) ethylene oxide (b) a c r y lo n it r i le  (c) d ig ly c id y l ethers
(d) compounds con ta in ing  groups re a c tiv e  towards the amine group and ketones. 
The p ro p e rtie s  o f the cured re s in  are u s u a lly  s im ila r  to  those obtained using 
the unmodified amine.
Aromatic amines are a lso used because they inco rpo ra te  a r ig id  benzene
r in g  in to  the network and th is  produces cured re s in s  w ith  a much h igher heat
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d is to r t io n  tem perature. The aromatic amine cured systems a lso have the
advantage o f form ing dry b r i t t l e  so lub le  s o lid s  when p a r t ia l ly  cured (B stage)
which flo w  when heated before f in a l ly  form ing a cured in fu s ib le  network.
This p rope rty  is  very u se fu l in  the p repara tion  o f dry la y -u p  lam ina tes.
U n fo rtuna te ly  amines reac t s lu g g is h ly  w ith  DGEBA because o f s te r ic  fa c to rs
between the amine and epoxide groups, lower b a s ic ity  than a lip h a t ic  amines,
and the re la t iv e  la c k  o f m o b il ity  o f the polymer network and the re fo re  cures
must be performed a t elevated temperatures sometimes in  con junction  w ith  an
a c c e le ra to r. Examples o f common aromatic amines used as cu ring  agents are
(39 and IfO) s —
NH
HN < 0 ^ 0 ^  n^0 s°20NH
2
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To avoid d i f f i c u l t y  in  m ixing e u te c tic  blends have been developed 
which are l iq u id  a t room tem perature, a lte rn a t iv e ly  the amine may be 
d isso lved in  a so lvent (dimethylformamide or bu tyro lactone (35 ) and 
the re s in  may be cured a t room tem perature.
DDS genera lly  g ives the h ighest heat d is to r t io n  temperature but 
i t  i s  slow to  reac t even a t e levated temperature and the a d d itio n  o f an 
a cce le ra to r i s  des irab le  (BF3 -  MEA) (35)*
Polyamides may a lso be used as cu ring  agents to  produce room 
temperature cu ring  w ith ou t unpleasant odours to  form a tough, f le x ib le  
cured p roduct.
1 ® 3 83 o3 «  C a t a l y t i c  C u r i n g  A g e n t s
the epoxide r in g  and causing homopolymerization o f the re s in .  The re s in  
molecules reac t d ire c t ly  w ith  each o ther and the cured polymer has 
e s s e n tia lly  a po lye ther s tru c tu re . C a ta ly tic  cui’in g  agents can be used 
e ith e r  as a sole cu ring  agent, as a co -cu ring  agent or as an a c c e le ra to r. 
The most common c a ta ly t ic  cu ring  agents are Lewis acids and bases, which 
are substances having e ith e r  unsheared p a irs  o f e lec trons in  an outer 
o r b ita l  (bases) fo r  bond fo rm ation , or empty e lec tron  o rb ita ls  (ac ids) 
which can be used to  form a bond w ith  an atom which donates both 
e le c tro n s .
The most im portant o f the Lewis acids is  boron t r i f lu o r id e  BP j.
BF3 i s  a h ig h ly  co rros ive  gas capable o f po lym eriz ing  epoxide re s in s  
extremely ra p id ly .  To ob ta in  a m a te ria l s u ita b le  fo r  hand ling , complexes 
formed between BF3 and amines or e thers are used. The most im portan t o f 
these complexes is  between BF^ and monoethylamine known as BF3MEA. The 
ra te  o f cure using BF^MEA is  very s e n s it iv e , below 100° c the ra te  is  
n e g lig ib le  but a t 120 °C a very ra p id  re a c tio n  occurs accompanied by 
considerable evo lu tio n  o f heat and a la rg e  r is e  in  the temperature o f 
the ca s tin g . Care must be taken when producing castings ovor 100 g w t. 
and la rg e  castings should not be attem pted. The advantage o f th is  system 
is  the long pot l i f e  a t room tem perature.
One o f the most im portan t Lewis bases used as a c a ta ly t ic  cu ring  
agent i s  the te r t ia r y  amine benzyldimethylam ine (B D M A )»
These cu ring  agents achieve c ro s s - lin k in g  by i n i t i a l l y  opening
CH N (CH )
Jt 2 3 2
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T e r t ia ry  amines are able to  act as c a ta ly s ts  in  the anhydride 
epoxy re ac tion s  by opening anhydride r in g s .
The above cu ring  agents in flu e n ce  the ra te  o f re a c tio n  and the 
re a c tio n  products when used in  con junction  w ith  o ther cu ring  agents and 
they can th e re fo re  be used to  help c o n tro l the p ro p e rtie s  o f the cured 
p rodu c t.
1 . 3 . 4  A D D ITIV ES
Other m a te ria ls  may be inco rpo ra ted  to  modify the p ro p e rtie s  o f 
the cured re s in .
( i )  D ilu en ts  -  reduce the v is c o s ity  and acid  im pregnation. They may 
a ffe c t p o t - l i f e ,  exotherm, HDT and phys ica l p ro p e rtie s . D iluen ts  may be 
re a c tiv e  or n o n -re a c tive ,th e  former jo in  in  the po lym eriza tion  reac tions  
w h ile  the la t t e r  merely reduce the re s in  concen tra tion . Reactive d ilu e n ts  
in c lude  mono and diepoxide compounds,triphenyl phosphite, to luene and 
xylene are examples o f non -reac tive  d ilu e n ts .
( i i )  F i l le r s  -  gen e ra lly  used to  low er the cost o f the p roduct, reduce 
cu ring  shrinkage, decrease the exotherm, increase HDTs, reduce water 
absorp tion and to  improve the abrasion res is tance  and compressive s treng th  
o f the m oulding. However f i l l e r s  may a lso increase wt and v is c o s ity  and 
reduce the impact and te n s ile  s tre n g th s . Common f i l l e r s  in c lud e  s i l ic a  
powder, z ircon  f lo u r  and sand.
( i i i )  F le x ib i l is e r s  « are used to  improve toughness and f l e x i b i l i t y  o f 
hard and b r i t t l e  re s in  systems. This may be achieved by in tro d u c in g  long 
f le x ib le  m olecular chains which improve the impact res is tance  but reduce 
the te n s ile  s tre n g th .
1 . 3 . 5  MECHANICAL PROPERTIES OF CURED EPOXY RESINS
The c h a ra c te r is t ic s  o f the cured re s in  system are derived from the 
basic m olecular s tru c tu re  o f which the fo llo w in g  are im portan t
( i )  The extent o f c ro s s - lin k in g
( i i )  The nature o f the re s in  molecule between c ro s s - lin k s
( i i i )  The nature o f the cu ring  agent m olecule.
I t  i s  im portant to  t r y  to  achieve a h igh degree o f c ro s s lin k in g  fo r
most uses. C ross lin k ing  may be hindered by the trap p in g  o f re a c tiv e  
molecules in  the polymer network a t the ge l stage. Post cu ring  a t a
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temperature above the o r ig in a l cure temperature and above the Tg 
o f the system o ften  a lle v ia te s  th is  problem by in c rea s ing  molecular 
m o b il ity  and oppo rtun ity  fo r  bond fo rm ation  (37)«
The c ro s s - lin k  dens ity  in  d if fe re n t  systems depends on the 
fu n c t io n a li ty  o f the re a c tin g  species and the distance between re a c tiv e  
groups. The nature o f the re s in  or cu ring  agent molecule between 
re a c tiv e  groups also has an in flu e n ce  on phys ica l c h a ra c te r is t ic s .  High 
c ro s s - lin k  dens ity  i s  u su a lly  associated v /ith  h igh HDT’ s and glass 
t ra n s it io n  temperatures w h ile  chain stoppers and d ilu e n ts  are used to  
produce re s in s  w ith  low cu ring  shrinkage and increased toughness and 
e longa tion .
As the temperature o f the polymer is  ra ised  through Tg the nature 
o f the polymer changes from a hard, g lassy and b r i t t l e  polymer to  one 
which is  f le x ib le  and rubbery because r e la t iv e ly  la rge  sections o f 
m olecular segments can move under the in flu e n ce  o f the increased thermal 
energy which produces ro ta t io n  o f the C-C bonds (# 2 ). This change is  
gen e ra lly  accompanied by changes in  o ther p ro p e rtie s  such as expension 
c o e f f ic ie n t ,  mechanical p ro p e rtie s  and heat ca pa c ity . In  some h ig h ly  
c ross linked  systems polymers pyro lyse before the change from the glassy 
to  the rubbery s ta te . This is  gene ra lly  the case w ith  epoxides and the Tg 
o f a cured epoxide re s in  re f le c ts  the extent and nature o f i t s  c ro s s - lin k in g  
and is  used as a measure o f i t s  therm al s t a b i l i t y .  The method used to  
in v e s tig a te  Tg inc lude  d i f f e r e n t ia l  therm al ana lys is  and measurement o f the 
dynamic mechanical p ro p e rtie s  using a to rs io n  pendulum.
The la rg e  number o f re s in s  and cu ring  agents e tc .  a va ila b le  may be 
used to  produce epoxy systems w ith  a wide v a r ie ty  o f p ro p e rt ie s . The 
p ro p e rtie s  have been assessed gen e ra lly  fo r  u n f i l le d  epoxy castings in  
Table I t  should be noted th a t the cured re s in  has a low fra c tu re  
energy (35) and is  very notch s e n s it iv e .
Lee and N e v ille  (37) have s tud ied  in i t ia t io n  and propogation o f
cracks in  th is  m a te ria l and they concluded th a t the fra c tu re  is  gene ra lly
in i t ia t e d  a t flaw s and the crack spreads out in  a ra d ia l d ire c t io n  u n t i l
i t  reaches a c r i t i c a l  s ize  corresponding to  the app lied s tress  a t which i t
becomes unstable and propogates ra p id ly .  Low s tra in  ra te s  favour crack
propogation by decohesion p r io r  to  the c r i t i c a l  s tress  whereas a t h igh
sti*a in  ra te s  the stresses are b u i l t  up too q u ick ly  fo r  decohesion to  occur.
Experimental observation on the e ffe c t o f temperature and s t ra in  ra te  on 
c o m p r e s s i v e
the p ro p e rtie s  o f epoxide re s in s  have been made by Is h a i ( 43)» who
observed a change in  fa i lu re  mode at various temperatures using a p la s tic iz e d
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epoxide  r e s in  system  and the  v a r io u s  s t r e s s  s t r a in  cu rve s are  shown i n  F i g .  2 , 
The f a i lu r e  mode changes from  b r i t t l e  a t  low  tem perature  and h ig h  s t r a in  
r a t e s ,  to  d u c t i le  a t  in te rm e d ia te  tem peratu res and rubbery  a t  h ig h  
te m p e ra tu re s. The f r a c tu re  s u r fa c e s  which he observed  were s im i la r  to  
th o se  d e sc r ib e d  by Andrews (44 ) i n  w hich s lo w  fr a c tu re  i s  accom panied by 
a  smooth f a i lu r e  and a s  the  c ra c k  v e lo c i t y  in c r e a s e s  more energy  i s  
a v a i l a b le  fo r  c ra c k  p ro p o g a t io n  on d i f f e r e n t  p la n e s .
The sh e ar  s t re n g th  o f  epoxide  r e s in s  h as a l s o  been m easured (45 )«
The recommended sh e ar s t re n g th  t e s t  in v o lv e s  pun ch in g out a c i r c u la r  d is c  
from a  r e s in  sh ee t and the  sh e ar  s t re n g th  i s  g iv e n  b y ; -
T '  =  -  J3 p -  fo rc e  i n  newtons
2TT>d
r  — r a d iu s  o f  the  d is c  
d = th ic k n e s s  o f  the  sheet
The d isa d v a n ta g e  o f  t h i s  t e s t  i s  the  s t r e s s  c o n c e n tra t io n  which  
e x i s t s  a t  the  edge o f  the  punch. An a l t e r n a t iv e  t e s t  which i s  a l s o  used  
i s  the  p lan e  s t r a in  com pression  t e s t  i n  w hich the sh e et i s  p re sse d  
between two f l a t  d i s c s  ( 46 , 47 and 48 ) .
In  o rd e r  to  measure the ad h e s ive  p r o p e r t ie s  o f  epoxy r e s in  the  la p  
sh e ar  t e s t  i s  u sed, t h i s  w i l l  be d e sc r ib e d  i n  a  l a t e r  s e c t io n .  The 
a d h e sive  p r o p e r t ie s  o f  the  r e s in  are  a t t r ib u t e d  to  the pendant secondary  
h yd ro x y l g rou p s which o ccu r a lo n g  the m o le cu la r  ch a in  which are  s t r o n g ly  
adso rbed  onto ox ide  and h y d ro x y l s u r fa c e s  (49 anti 5 0 ).  For gooti ad h e sive  
p r o p e r t ie s  i t  i s  im p o rta n t to  ach ie ve  e f fe c t iv e  w e tt in g  o f  the  adherend  
because in com p le te  c o n ta c t  r e s u l t s  i n  the  fo rm atio n  o f  s t r e s s  
c o n c e n tr a t io n s .  R i g id  s t r u c t u r e s  enhance t h i s  problem  a s  they  a re  un ab le  
to  accommodate and d is s ip a t e  the  s t r e s s e s  b u i l t  up i n  the sy stem . Xn the  
case  o f  com p o site s t h i s  problem  i s  o f f s e t  somewhat by the  tendency o f  the  
r e s in  to  s h r in k  onto the  f ib r e  d u r in g  cure to  p ro v id e  an e f fe c t iv e  
m ech an ica l bond a s  w e ll a s  a  ch em ica l bond a lth o u gh  d if fe r e n c e s  i n  therm al 
exp an sio n  c o e f f ic ie n t s  o f  r e s in  and f ib r e  may co u n te rac t t h i s  ad van tage .
The epoxide  r e s in  p r o p e r t ie s  a re  ex trem e ly  v e r s a t i le  and depend on 
the c u r in g  system  and c o n d it io n s  v/hich determ ine the  r e s in  s t r u c t u r e .
The developm ent o f good ad h e s ive  p r o p e r t ie s  and the avo idan ce  o f  la r g e  
v o id s  w hich produce s t r e s s  c o n c e n tra t io n s  are  im p o rtan t c o n s id e r a t io n s  
when c h o o s in g  a r e s in  system  fo r  com posite  f a b r ic a t io n .
X .4  FABRICATION TECHNIQUES OF CFRP
A l l  o f  the  f a b r ic a t io n  p ro c e sse s  are  d e s ign e d  to  produce a  com posite  
i n  w hich the  f ib r e  i s  th o ro u g h ly  im pregnated  w ith  r e s in .  The te ch n iq u e s  f a l l
15
ELONGATION AT BREAK 3 -5  %
ULTIMATE COMPRESSIVE STRENGTH 1 0 0 - 2 0 0  H N M *
ULTIMATE TENSILE STRENG TH........ 3 0 7 - 9 0 M N /m a
IMPACT STRENGTH (1 Z O D )
YOUNGS M O D ULU S ..................... ........ 1-5 - 3 - 5 G N / rn"
TABLE 1 GENERAL p r o p e r t ie s  o f  e p o x y  r e s in s
i ‘ '
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in to  two main types, wet la y -u p  and dry la y -u p .
1 .4 .1  WET LAY-UP METHODS
These in vo lve  the use o f a l iq u id  re s in  system to  impregnate the 
re in fo rc in g  m a te r ia l.
1 .4 .1 .1  Hand la v  up
This is  the s im plest o f the wet la y  up methods using cu ring  a t 
contact pressure o n ly . The process i s  manual and the q u a lity  o f the 
lam inate depends on the moulder. E ith e r male o r female moulds may be 
used and the mould is  f i r s t  tre a te d  w ith  re lease agent to  f a c i l i t a t e  
component removal. A la y e r o§ re s in  is  poured in to  the mould and successive 
la y e rs  o f f ib re  and re s in  are added ?each la y e r  being thorough ly 
impregnated before the next i s  added. Entrapped a i r  may be removed by 
r o l l in g  and the lam inate is  then allowed to  harden u s u a lly  a t room 
temperature although heat may be app lied  i f  poss ib le  to  increase the ra te  
o f cure (3 5 ). This method is  e sp e c ia lly  app licab le  fo r  a r t ic le s  requ ired  
in  sm all q u a n tit ie s  where a la rg e  investment in  to o lin g  costs is  not 
ju s t i f ie d  or fo r  complicated a r t ic le s  which would be d i f f i c u l t  to  mould by 
o ther techniques.
1 .4 .1 .2  Vacuum bag technique
This is  fa r  b e tte r  q u a li ty  lam inates and cons is ts  o f la y in g  up as 
described in  ( i )  and then p lac in g  a f le x ib le  bag over the mould which is  
clamped down round i t s  c ircum ference, A vacuum is  then drawn under the 
sheet and atmospheric pressure fo rces a i r  and excess re s in  out o f the 
lam inate (5 1 ). Laminates produced by th is  method u s u a lly  have a lower 
vo id  content than those produced by simple hand la y  up.
1 .4.1.3 Kesin in je c t io n  method
The requ ired  amount o f re in forcem ent is  placed between matched 
moulds tre a te d  w ith  re lease agent. Resin and curing  agent are then mixed 
and pumped through the mould under pressure removing a l l  entrapped a i r  
and im pregnating the re in fo rcem ent. The lam inate is  cured w ith  the a id  o f 
heaters b u i l t  in to  the surface o f the mould. This is  a u se fu l method fo r  
the production o f s izeab le  mouldings (35 and 51) ,
1 .4 .1 .4  Filam ent winding
A continuous rov ing  or tape i s  impregnated w ith  the b inder re s in  and
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i t  i s  then wound onto a mandrel w ith  the shape o f the f in a l  p roduc t.
The rov ings are kept in  tens ion  throughout the winding process and the 
p a tte rn  is  ca lcu la ted  to  produce the requ ired  hoop and lo n g itu d in a l 
s tre n g th s . A fte r  w inding the lam inate is  u su a lly  hot-cured in  an oven 
and then removed from the mandrel, though in  some cases the mandrel may 
be pa rt o f the fin is h e d  a r t i c le .
Filam ent w inding can be used to  produce cy lin d e rs  and any shape 
can be made i f  i t  can be wound and i f  i t  has an ax is  o f ro ta t io n  ( 52) .  
F u lly  automatic machinery has been used to  produce p ipes, storage tanks, 
sp o rtin g  goods e tc , and fila m e n t w inding is  one o f the most im portant 
composite fa b r ic a t in g  techniques (53? 54 and 55) because:-
a) I t  produces very h igh s tren g th  to  weight r a t io  composites
b) The composites are h ig h ly  rep roduc ib le  w ith  good dimensional 
to le rance  and mechanical performance
c) The process is  f u l l y  au tom atic0
1.4*2 DRY LAY-UP METHODS
The major l im i ta t io n  o f wet la y -u p  techniques is  th a t they are 
re s tr ic te d  to  re s in  systems which have low v is c o s it ie s  a t working 
temperatures and re a c tiv e  d ilu e n ts  used to  overcome th is  problem o ften  
degrade composite p ro p e rt ie s . The d ry -la y -u p  technique overcomes th is  
problem by im pregnating the f ib re  w ith  e ith e r  the re s in  system which is  
d isso lved in  a so lven t (acetone or MEK) or a molten 5B' staged re s in .
In  the case o f the so lvent method, the so lvent is  removed in  a dry oven 
and the impregnated f ib re  i s  ready fo r  lam ina ting  (35) .
L iq u id  and s o lid  d ig ly c id y l e ther re s in s  and epoxidized novolaks 
may be used w ith  a v a r ie ty  o f cu ring  agents. Aromatic amines e .g .
MPD, DDM and DDS are p a r t ic u la r ly  s u ita b le  since they can be p a r t ia l ly  
advanced to  the B stage where cure proceeds only s low ly  a t room 
tem perature. The re s u lt in g  pre-preg m a te ria l u su a lly  has a l im ite d  s h e lf 
l i f e  a t th is  in te rm ed ia te  stage (3 7 ). F in a l curing is  c a rrie d  out in  a 
press a t e levated temperatures w ith  poss ib ly  a subsequent pos t-cu re .
Pre-pregs w ith  longer s h e lf l iv e s  are obtained by using BF3-MEA as 
a curing  agent since i t  does not reac t a t room tem perature. Acid 
anhydrides are a lso used to  prepare dry la y -u p  systems but the cure 
a cce le ra to r u s u a lly  prevents the p o s s ib i l i t y  o f !BS stag ing  and the
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im pregnated  m a te r ia l must be s to re d  under r e f r ig e r a t e d  c o n d it io n s .
Dry  f i la m e n t  w in d in g  h as a ls o  been used  (51 ) f i n a l  cure b e in g  perform ed  
i n  an oven. L a m in a t in g  w ith  p re p re g  e n a b le s  c lo s e  c o n t r o l o f  V f  o f  the  
re in fo rce m e n t and th e re fo re  the com p o site s produced u s u a l ly  have  
c o n s is te n t  p r o p e r t ie s ,
1 .4 .3  MATCHED D IE  MOULDING
This technique may be used fo r  both wet la y  up and dry la y  up methods.
The cure  i s  c a r r ie d  out w h ile  the m a te r ia l  i s  r e s t r a in e d  between two mould.?- 
s u r fa c e s .  (5 1 ) .  I t  i s  u s u a l ly  an autom ated, h ig h  p ro d u c t io n  p ro c e ss  i n  v/hich 
the  r e s in  i s  added to  a  p re -c u t ,  shaped sheet o r  a  preform  p o s it io n e d  i n  a 
heated  mould and p re s su re  i s  u s u a l ly  a p p lie d  h y d r a u l i c a l l y ,
The l a y  up i s  p la c e d  on one o f  the  matched m oulds and the  o th e r  mould  
i s  p re sse d  a g a in s t  i t .  The m oulds are  u s u a l ly  heated, l i q u i f y i n g  o r  re d u c in g  
the  v i s c o s i t y  o f  the  r e s in  and e n a b lin g  i t  to  wet the f i b r e .  E x ce ss  a i r  may 
be removed and s in c e  a i r  i s  more r e a d i l y  s o lu b le  i n  l i q u i d s  under p re s su re ,  
some o f  the  a i r  i s  d is s o lv e d  perm anently  i n  the r e s in  p ro d u c in g  a  n o n -po rou s  
p ro d u c t .
A r t i c l e s  made by matched d ie  m o u ld in g  are  u s u a l ly  s t ro n g e r ,  l e s s  porou s  
and have a  b e t te r  f i n i s h  th an  p a r t s  moulded by vacuum b ag  m ethods. The method 
i s  s u i t a b le  fo r  la r g e  s c a le  p ro d u c t io n  o f  p a r t s  r e q u ir in g  h ig h  d im e n s io n a l 
a c c u ra c y . The le a k y  mould tech n iqu e  i s  a v a r ia t io n  o f  the  matched d ie  
m ou ld in g  w hich i s  used  i n  the  la b o r a t o r y .
1 .5  DESIGN CONSIDERATIONS FOR CFRP
To d e s ig n e r s  f a m i l i a r  w ith  a p p ro x im a te ly  i s o t r o p i c ,  homogeneous and 
d u c t i le  m e ta ls ,  com posites p re se n t many u n fa m i l ia r  c h a r a c t e r i s t ic s  some o f  
v/hich are  fa v o u ra b le  and some d e t r im e n ta l.  S e v e ra l w orkers have g iv e n  
e x c e lle n t  re v ie w s o f  the  m a te r ia l  c h a r a c t e r i s t ic s  v/hich a f f e c t  the d e s ig n e r  
and the  d e s ig n  p h ilo so p h y  ( 6l  -  6 7 ) .  Among the most im p o rtan t p r o p e r t ie s  
v/hich a f f e c t  d e s ig n  c o n s id e r a t io n s  a r e s -
1 ,5 .1  S tre n g th  and S t i f f n e s s
The h ig h  s p e c i f i c  s t re n g th  and s t i f f n e s s  o f  GFRP have a lre a d y  been noted, but 
the  a n is o t r o p ic  n a tu re  o f  th e se  p r o p e r t ie s  means th a t  care  must be taken  i n  
d e s ig n in g  CFRP components and the  o r ie n t a t io n  o f  the  f ib r e s  must match the  
l o a d / s t i f f n e s s  re q u ire m e n ts. Carbon f ib r e  com po site s do no t p o s s e s s  a  p l a s t i c
19
range in  the f ib re  d ire c t io n  and although P e t it  and Waddoups (68) have 
shown th a t transverse s tre s s -s tra in  behaviour is  n o n -lin e a r, th is  is  sm all 
however compared to  normal engineering m a te ria ls  such as m ild  s te e l or 
aluminium„
1 .5*2  Fracture C h a ra c te ris tic s
The a n iso tro p ic  nature o f the composite also a ffe c ts  the fra c tu re  
behaviour and the designer must be able to  p re d ic t the s ta t ic  and fa tig u e  
s treng ths o f a composite and i t s  s u s c e p t ib i l i ty  to  de lam ina tion . An 
understanding o f fra c tu re  I n i t ia t io n  and propogation mechanisms as w e ll as 
the e ffe c ts  o f lo c a l and concentrated loads and other s tress  ra is e rs  is  
esse n tia l to  avoid in -s e rv ic e  fa i lu re s .
1 .5 .3  Thermal Expansion C h a ra c te ris tic s
Generally the therm al expansion c h a ra c te r is t ic s  o f a metal are 
approxim ately uniform  and p o s it iv e . Th is is  not the case in  an a n iso tro p ic  
composite, which has a zero or negative thermal expansion c o e ff ic ie n t  
lo n g itu d in a l ly  and a p o s it iv e  thermal expansion c o e ff ic ie n t  tra n s v e rs e ly . 
The designer must take th is  in to  account when designing components 
e s p e c ia lly  when com pa tab ility  w ith  metals is  re q u ire d .
1 .5*4  B u i l t - in  stresses
B u i l t - in  stresses from fa b r ic a t io n  may be reduced or re lie v e d  in  a 
metal by appropria te  annealing trea tm en ts . In  a composite however there is  
gene ra lly  a shrinkage during cure which may produce stresses which cannot 
be re lie v e d . The e ffe c t o f these stresses on the mechanical p ro p e rtie s  
should be assessed in  order to  a llow  safe u t i l iz a t io n  o f components.
1.5*5 Environmental c h a ra c te r is t ic s
The e ffe c t o f ac ids , s a lts ,  water and so lvents must be stud ied  w ith  
spec ia l reference to  the environmental requirements o f a p a r t ic u la r  
component. One o f the d i s ad vein t  ages o f CFRP is  i t s  s u s c e p t ib i l i t y  to  
erosion damage and fo r  some a p p lic a tio n s  th is  may be im portant and a 
p ro te c tiv e  surface coating must then be a p p lie d .
1.5*6 F a b rica tio n  c h a ra c te r is t ic s
Conventional metal fa b r ic a t io n  techniques are very w e ll estab lished 
and standard treatm ents are a v a ila b le  to  produce desired p ro p e rt ie s . This
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enables the m e ta llu rg is t to  produce h igh grade metals in  a f in a l  form 
w ith  a ty p ic a l c o e f f ic ie n t  o f v a r ia t io n  o f about 3%. In  the case o f 
composite technology the fin is h e d  m a te ria l is  produced as requ ired  and 
a wide range o f la y  up techniques can give the designer the oppo rtun ity  
to  c o n tro l the p ro p e rtie s  o f the composite in  each d ire c t io n .
U n fo rtuna te ly  the c o e ff ic ie n t  o f v a r ia t io n  in  the mechanical p ro p e rtie s  
o f nom inally id e n t ic a l m a te ria ls  i s  about 10 -  15% which makes designing 
fo r  sa fe ty  more d i f f ic u l t . t h a n  fo r  m eta ls.
1 ,5 .7  Economic considera tions
I t  is  we11 known th a t carbon f ib re  is  very expensive to  produce.
This has meant th a t the i n i t i a l  use o f CFRP was l im ite d  m ainly to  the 
aerospace in d u s try  and components which norm ally re q u ire  complicated 
machinery.
±.6 TESTING OF C.F.R.P.
The f i r s t  cons idera tion  when te s t in g  m a te ria l is  w ith  th e o re t ic a l 
aspects based on the nature o f the composite m a te ria l in  order to  get 
some idea o f the l i k e ly  p ro p e rtie s  and fa i lu re  modes which may occur in  
p ra c t ic e .
K e lly  (50) has ca lcu la ted  the s treng th  o f a composite m a te ria l based 
on a law o f m ixtures p re d ic t io n . I f  a composite con ta in ing  more than a 
c e rta in  volume Vrain o f continuous f ib re s  is  loaded in  the d ire c t io n  o f the 
f ib re s  the UTS o f the composite i s  reached when the s tra in  in  the composite 
is  equal to  the breaking s t ra in  o f the f ib re s .
q ;.  = o > f 4- O ' "  vf > M > v min
ft*
(X  is  the UTS in  the composite Q  is  the UTS in  the f ib re  O’ i s  the te n s ile
t m
s tress  in  the m a tr ix  when the composite i s  s tra ined  to  i t s  UTS and Vf is  
the volume fra c tu re  o f f ib re s .
In  the case o f b r i t t l e  carbon f ib re s ,  the fa i lu re  o f one f ib re  w i l l  
cause transference o f the load c a rr ie d  by th a t f ib re  back in to  the m a tr ix . 
Aveston (57) po in ted out th a t i f  the breaking s tra in  o f the f ib re  is  less  
than th a t o f the m a tr ix  then s in g le  fra c tu re  occurs when:-
< vf >cru ( | - v f) - c r m' ( i - v f )
where is  the UTS o f the m a tr ix . The equation means th a t when the f ib re s  
break, the m a tr ix  i s  unable to  w ithstand the a d d it io n a l load tra n s fe rre d  
to  i t .  I f  however:-
c^vf <  c u { i —v ) <rm" l i - v )
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the f ib re s  w i l l  be successive ly fra c tu re d  in to  sho rte r leng ths by m u lt ip le  
fra c tu re  u n t i l  ;the m a tr ix  reaches i t s  fa i lu re  s t ra in .  The change from 
m u lt ip le  fra c tu re  to  s in g le  fra c tu re  defines Vf m in. F igure 3 i l lu s t r a te s  
the cond itions  under v/hich m u lt ip le  fra c tu re  should occur.
1 .6 .1  STRESS TRANSFER
I f  m u lt ip le  f r a c tu re  o c c u rs ,  the  s t r e s s  c a r r ie d  by the f ib r e  which  
f a i l s  must be t r a n s fe r r e d  to  o th e r  f ib r e s  v ia  the m a tr ix  and the  s t r e s s  
d i s t r ib u t io n  changes i n  the  r e g io n  c lo s e  to  the b re a k , K e l l y  (56 ) has  
s tu d ie d  the  s t r e s s  t r a n s f e r  between the m a tr ix  and the in t e r f a c e  i n  a
com posite  c o n ta in in g  f ib r e s  each o f  c o n sta n t  le n g th  and s t r e s s e d  p a r a l l e l
to  the  f ib r e  a x i s .  The a x i a l  d isp la c e m e n ts  i n  the  f ib r e  and m a tr ix  are  
d if f e r e n t  because  o f  the  d if fe re n c e  i n  e l a s t i c  module o f  the two 
com ponents. Shear s t r a in s  are  produced on p la n e s  p a r a l l e l  to  the  a x i s  o f  
the  f ib r e  i n  the  d ir e c t io n  o f  the  a x i s .  The s t r a in  and r e s u l t in g  sh e ar  
s t r e s s  are  the means by w hich lo a d  i s  t r a n s fe r r e d  from the  broken f ib r e ,  
and K e l ly  (56 ) h as  used  e q u a t io n s  d e r iv e d  by Cox and Rosen (58 , 59) to  
r e la t e  the maximum sh e ar  s t r e s s ' !  min  the m a tr ix  a t the f ib r e  m a tr ix  
in t e r f a c e  to  the maximum t e n s i l e  s t r e s s  CTmax i n  the  f ib r e  v/hich fo r  a 
lo n g  t h in  f ib r e  i s  g iv e n  by
   Gm as shear modulus o f the m a trix
r-
... y. E f = Youngs mod. o f the f ib re
2 E \0%R ro  =s rad ius  o f the f ib re
R = h a l f  o f  the c e n tre -c e n tre  se p a ra t io n  
o f  the  f ib r e s  norm al to  t h e i r  le n g th
T h is  eq u a tio n  re p re se n ts  the upper l i m i t  to  the s t r e s s  which may be 
t r a n s fe r r e d  in t o  the  f ib r e  s in c e  i f  't'm i s  exceeded sh ear f a i lu r e  o c c u rs  in  
the  r e s in .  The s t r e s s  d i s t r ib u t io n  i s  shown s c h e m a t ic a l ly  i n  (4 ) where l c  
i s  the c r i t i c a l  le n g th  beyond w hich the  f ib r e  may be lo a d e d  to  i t s  b re a k in g  
s t r e s s  and
r = r a d iu s  o f the f ib r e  
o
Q >  breaking s tress  o f the f ib re  
*
T  = y ie lde d  s tress  o f the m a tr ix  
y
For polymer m atrices Outv/ater replaced T-Y by jJLn where JJL i s  the 
c o e f f ic ie n t  o f s l id in g  f r i c t io n  between f ib re  and m a tr ix  and n is  the 
ra d ia l pressure due to  shrinkage o f the f ib re  and represented by the
2 2
a) BRITTLE FIBRE 
DUCTILE M ATRIX
b) DUCTILE FIBRE
BRITTLE M ATR IX
FIG.3 CONDITIONS FOR MULTIPLE FRACTURE
pressure exerted by a th in  w a lled tube o f th ickness t / 2, in te rn a l diameter 
d and hoop s tress  F
in  th is  case t  i s  the surface -su rface  separation o f the f ib re s ,  d th e ir  
diameter and F the y ie ld  p o in t o f the re s in .  The f ib re s  may be broken 
down in to  sho rte r leng ths as the s t ra in  is  increased provided l c is  
exceeded and l c is  an im portan t parameter in  the c o n tro l o f composite 
p ro p e rt ie s .
1 .6 .2  TRANSVERSE PROPERTIES
I f  the composite undergoes an extension in  the transverse  d ire c t io n ,  
the s tress  i s  the same in  each component and the to ta l  s t ra in  in  the 
transverse d ire c t io n  is  given b y :-
Vf +  (i -  Wficr
Ei Em J
and the approximate transverse e la s t ic  modulus E^ is  approxim ately
E ^  Em 
' I “  Vf
The transverse shear modulus Gj may be ca lcu la ted  s im ila r ly
8 =  f y f  +  I Z L h V
I g( Gm /
and since Gf>v>Gni -  nG-r'v' Oj m
T I —Vf
This s itu a t io n  may be represented by a model co n s is tin g  o f e la s t ic  
s p ir in g s  and viscous dashpots (5) « In  th is  case the f ib re  is  represented 
by the s t i f f  sp rin g . The behaviour in  transverse tens ion  and a x ia l shear 
is  m ainly governed by the p ro p e rtie s  o f the m a trix  o r the f ib r e  m a tr ix  
in te r fa c e  whichever i s  the le s s e r.
The composite th e re fo re  behaves a n is o tro p ic a lly  and th is  must be 
taken in to  account when designing components o f CFRP. In  order to  obta in  
use fu l in fo rm a tio n  from mechanical te s ts  i t  i s  im portant to  understand the 
design fo r  CFRP and the parameters which c o n tro l composite p ro p e rt ie s .
-  shear s tra in  
G  ^ = shear modulus o f the f ib re  
Gm= shear modulus o f the m a tr ix
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1The bend te s t is  one o f the s im p lest te s ts  used fo r  the determ ination 
o f the mechanical p ro p e rtie s  o f composite m a te ria ls . I t  i s  generally- 
performed in  e ith e r  the three or fou r po in t mode. I f  a le ng th  o f beam is  
acted upon by a constant bending moment, the stresses set up on any cross- 
sec tion  must c o n s titu te  a pure couple equal in  magnitude to  the bending 
moment. One p a rt o f the c ross-sec tion  is  in  compression and the o ther p a rt 
is  in  te n s io n . I f  the fo llo w in g  assumptions are made ( 69)
a) The m a te ria l i s  homogeneous, is o tro p ic  and has the same value o f
Youngs modulus in  tens ion  and compression.
b) The beam is  i n i t i a l l y  s t ra ig h t  and a l l  lo n g itu d in a l fila m en ts  bend in to  
c ir c u la r  arcs w ith  a common centre o f cu rva tu re ,
c) Transverse cross-sections remain plane and perpendicu lar to  the n e u tra l 
surface a f te r  bending.
d) The rad ius  o f curvature  is  la rg e  compared to  the dimensions o f the 
specimen.
e) The s tress  is  pure ly  lo n g itu d in a l and lo c a l e ffe c ts  near concentrated
loads are neg lected.
f )  The la te r a l stresses are neglected and the problem is  tre a te d  as one o f
one dimensional s tre s s .
The magnitude o f the maximum te n s ile  o r compressive s tress  may be
ca lcu la ted  by the use o f elementary e la s t ic  theory u s in g :-
M is  the bending moment
I  i s  the moment o f in e r t ia
M -  F -  j^T E i s  the Youngs modulus o f the m a te ria l
T Ri Y R is  the rad ius  o f curvature o f the
n e u tra l ax is  
(5 i s  the lo n g itu d in a l s tress  
y is  the d istance from the n e u tra l 
surface
1 .6.3 .1  A p p lica tio n  o f bending theory to  the 3 and 4 po in t bend te s t
By app ly ing  equation to  the th ree  and fou r p o in t bending s itu a t io n s  
i t  i s  poss ib le  to  ob ta in  expressions fo r  the maximum bending ( f le x u ra l)  
s tress  C5f m a x  &.the maximum bending modulus Eb . The v a r ia t io n s  o f the bending 
moment in  th ree  and fou r p o in t bending are shown in  F ig§ .5  and 6.
( i )  Three p o in t bending.
The f le x u ra l s tress  is  a maximum a t the surface o f the beam (F ig . v5)
1 * 6 .3  BEND TESTING
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said .when y = d/2 and using equation and s u b s t itu t in g  fo r  M and I
b = beam w idth
GT m a x —  3PL 
2 b d 2 d = beam th ickness .
L -  span between ou te r r o l le r s  
P = force
The bend modulus Efc is  given by
M ~  l b  T Sr
where R is  ca lcu la ted  from the equation (70)
R
=  d?Y- 
d K 2
Thus the bend modulus may be obtained by in te g ra t in g  tw ice  and
PL~
4bd
where is  the mid-span 
d e fle c tio n  o f the beam.
Y
( i i )  Four po in t bending.
From F ig 6the maximum bending moment is  given by M = PI
The maximum f le x u ra l s tre ss  a t A i s  given by CTmciX = 3 P L 
bd2
C a lcu la ting  the bend modulus is  more d i f f i c u l t  than in  the case o f 
th ree  po in t bending. The d e fle c tio n  must be s p l i t  up in to  three p a rts  (F ig . 6ty 
Yq i s  ca lcu la ted  as in  three p o in t bending, Y2 i s  given by the slope o f 
the beam a t po in t A and Y3 i s  the d e fle c tio n  o f a c a n tile v e r  beam w ith  a 
load P/2 a t the end from the tangent a t 0 , Combining these c o n tr ib u tio n s ,
E-jj i s  given by ( 71):-
Ph r l? Jlia + i f
2 8b
1 .6 .3  *2
z i i y y j j
J  +. 
3
Shear s tress  in  beams.
The shearing fo rce  a t any cross-sec tion  o f a beam sets up a 
shear s tress  on transverse sections which in  general va ries  across the 
section  ( 69) .  The shear s tress  on transverse planes causes an equal 
complementary shear s tress  on .'.fljopigitudinal planes p a ra l le l to  the 
n e u tra l a x is . The shearing fo rce  diagrams are shown in  . F ig . 7. 
fo llo w in g  assumptions are made:-
a) The s tress  is  uniform  across the w id th .
b) The shear s tress  does not a f fe c t  the bending s tre s s .
E la s t ic  theory can be used to  show th a t the shear s tress  "X is  
given b y :-
nr -  -i p
LFIG. 5 THREE POINT BEND TEST
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3 -  P O I N T  B E N D I N G
4 - POINT . BENDING
FIG.7 SHEARING FORCE DIAGRAMS
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Figure 7 shows the shearing fo rce  diagrams fo r  th ree  and fo u r p o in t 
bending. I t  i s  evident in  the fou r p o in t bend te s t there are no shearing 
forces in  the reg ion  between the two in n e r r o l le r s .  Equation represents 
a pa rabo lic  v a r ia t io n  o f shear s tress  w ith  y and the maximum shear s tress  
occurs when y a 0 and a t the n e u tra l a x is .
__ JJL
max 4bd
1 .6 .3 .3  Comparison o f the three and fo u r p o in t bend te s t .
The fo u r p o in t bend te s t  i s  gene ra lly  favoured fo r  the determ ination 
o f max fo r  the fo llo w in g  reasons ( 72) : -
( i )  The specimen undergoes pure bending between the in n e r p a ir  o f load ing
p o in ts  and there i s  no shear component.
( i i )  Between the in n e r load ing  p o in ts  there  is  a uniform  s tress  and s tra in
along the specimen su rface , whereas in  the three p o in t bend te s t  the peak
s tress  is  concentrated near the load ing  p o in ts . A much la rg e r  area o f the 
specimen is  the re fo re  tes ted  in  fo u r p o in t bending and the re s u lts  are 
th e re fo re  more re p re se n ta tive .
( i i i )  Local damage at the load ing  p o in ts  is  much le ss  l i k e ly  in  the fou r 
p o in t bend te s t  because the load requ ired  to  produce an equ iva len t s tress  is
d iv ided  between two load ing  p o in ts ,
1 .6 .3 .4 The e ffe c t o f lo c a l s tress  concentra tion in  the three po in t bend te s t 
The la rge  lo c a l s tre ss  concen tra tion  beneath the c e n tra l load ing  p o in t
is  ignored in  the e la s t ic  theory equations. In  the case o f a narrow 
rec ta ngu la r beam the ir r e g u la r i t ie s  due to  the lo c a l s tress  concentra tion  a t
the load ing  p o in ts  may be s tud ied  by using the s o lu tio n  fo r  s tress
d is t r ib u t io n  in  an in f i n i t e l y  la rg e  p la te  subjected to  a concentrated fo rce  
(70 and 73) .
The P r in c ip le  o f Superposition is  used to  determine the lo c a l s tresses . 
Th is P r in c ip le  s ta te s  th a t i f  severa l transverse fo rces a l l  having the same 
d ire c t io n  are app lied to  the beam sim ultaneously, the bending moment produced 
a t any c ross-sec tion  is  equal to  the sum o f the bending moments produced a t 
the same cross-sec tion  by the in d iv id u a l loads ac tin g  sepa ra te ly . I t  fo llo w s  
th a t the d e fle c tio n  produced a t any p o in t o f a beam by a system o f tv/o 
sim ultaneously a c tin g  transverse fo rces can be obtained by summing the 
d e fle c tio n s  produced a t th a t po in t by the in d iv id u a l loads . The P r in c ip le  
is  v a l id  on ly i f  sm all displacements in  deformation do not a f fe c t the ac tion  
o f ex te rna l fo rces , i f  th is  i s  not the case (and beyond the e la s t ic  l im i t )  
then the P r in c ip le  o f Superposition is  in v a l id .
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Another approach to  the in v e s tig a t io n  o f the s tress  d is t r ib u t io n  
near the po in t o f a p p lic a tio n  o f a concentrated load was made by Karman 
and Seewald (74) who represented the stresses in  terms o f a Fou rie r 
in te g ra l.  Seewald showed th a t the s tress  can be s p l i t  in to  two p a rts , 
one o f which can be ca lcu la ted  by the elementary beam theory and the 
o ther which represents the lo c a l e f fe c t  near the po in t o f a p p lic a tio n .
The lo c a l stresses decrease very ra p id ly  w ith  increase in  d istance from 
the po in t o f a p p lic a tio n . There is  good agreement between the above methods 
except a t the surface o f the beam and when y = d /2,
P ra c t ic a l evidence fo r  the e f fe c t  o f lo c a l s tress  concentra tions is
given by Kedward and H indie (75) who used Moire b ire fr in g e n t coatings and 
b r i t t l e  lacquers . The importance o f lo c a l s tress  concentra tions means th a t 
great care must be taken to  choose a supporting system which minimizes the
la rg e  v a r ia t io n  in  lo c a l s tresses .
Ogorciewicz and Mucci (76) examined severa l methods o f supporting 
specimens in  a bending te s t ,  these in c lu d e s - k n ife  edges, la rg e  rad ius  
r o l le r s ,  ro ta t in g  r o l le r  supports and ro ta t in g  r o l le r s  on swinging l in k s .  
L ine contact between specimen and supports is  assumed v/hen c a lc u la tin g  the 
s tress  derived in  the beam from e la s t ic  theo ry , A l in e  contact may be 
achieved by using k n ife  edges, but th is  presents the problem o f severe 
in d e n ta tio n . The use o f la rg e  rad iu s  r o l le r s  on the o ther hand e lim ina tes  
th is  problem, but the p o in t o f contact between the supports and the specimen 
changes and th is  is  not accounted fo r  in  the simple bending th e o ry . 
Ogorciewicz and Mucci concluded th a t ro ta t in g  r o l le r s  o f fe r  no advantage 
over f ix e d  r o l le r s .
1 .6 ,3 *5  A p p lica tio n  o f bending to  CFRP.
In  comparison w ith  o ther te s t methods such as u n id ire c t io n a l tens ion  
or to rs io n , bending represents the most inexpensive and w ide ly  used te s t 
c o n fig u ra tio n . Beam specimens may be used to  measure both f le x u ra l and shear 
p ro p e rtie s  w ith  the span-to-depth r a t io  governing the mode o f fa i lu r e .
Consider a th ree  p o in t bend te s t o f a composite in  which the 
re in fo rc in g  f ib re s  are a ligned  p a ra l le l to  the span le ng th  so th a t the 
p r in c ip a l axes o f o rtho tropy  co incide w ith  the axes o f symmetry o f the beam. 
From equations
m a x
3P  
4 b d
CX
m a x
3PL
2bd^
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The a ssu m p tio n s u sed  to  d e r iv e  th e se  e x p re s s io n s  are  g iv e n  i n  s e c t io n  (1 6 3 ).  
M ost com p o site s w ith  p a r a l l e l  f ib r e  a r r a y s  are  co n s id e re d  m a c ro s c o p ic a lly  
homogeneous and because t h e i r  s t re n g th  i s  governed by the very  s t r o n g  and 
s t i f f  f ib r e s ,  th e y  e x h ib it  very  n e a r ly  l i n e a r  e l a s t i c  re sp o n se  to  f a i l u r e .
For ve ry  sh o r t  beams where the s t r e s s  f i e l d  i s  in f lu e n c e d  by l o c a l  s t r e s s  
c o n c e n tra t io n s  a t  the co n ta c t p o in t s ,  the p lane  s e c t io n s  o f the beam do not 
rem ain p lan e  a f t e r  b e n d in g .
The above e q u a tio n s  may be combined to  o b ta in  a r e la t io n s h ip  between 
maximum sh ear s t r e s s  and maximum f le x u r a l  s t r e s s  a s  f o l lo w s : -
  CTnqX
^ m a x  1 \_\2 (?)
Figure 8 shows max p lo tte d  aga inst span-to-depth r a t io .  P o in t A 
represents the t ra n s it io n  betv/een f le x u ra l fa i lu re  and shear fa i lu re  and at 
values of L /d  below (L/dfc®b)shear is  the prim ary mode o f fa i lu r e .  In  p ra c tic eatfv*
t h i s  sh a rp  t r a n s i t i o n  i s  n o t observed  ( 7 7 > 78 and 79 ) and m ixed mode f a i l u r e s  
are  common around the t r a n s i t i o n  p o in t ,  M u l l in  and K n o e ll and S a t t a r  and 
K e l lo g  (79) have done beam experim en ts on type  I I  carbon f ib re /e p o x y  r e s in  
com p o site s a t  v a r io u s  1 /d  r a t i o s .  They found th a t  a lth o u g h  sh e ar f a i l u r e s  
occur around the t r a n s i t i o n  p o in t  the  va lu e  o f  'Ym ax  in c r e a s e s  a t  low er  
v a lu e s  o f  1/d  ( F i g 8 ) in d ic a t in g  a m ixed mode type f a i l u r e .  The f le x u r a l  
s t re n g th  p r o p e r t ie s  e x h ib it  a  dependence on the  sp a n -to -d e p th  r a t io  and a  
m ixed mode o f f a i lu r e  makes m e an in g fu l c a lc u la t io n s  o f  sh e ar s t re n g th  ve ry  
d i f f i c u l t ,  M u l l in s  and K n o e ll  (78) a ls o  found th a t  v o id  con te n t and 
v a r ia t io n s  in  f ib r e  d i s t r ib u t io n  have a s i g n i f i c a n t  e f fe c t  on the c a lc u la te d  
sh e ar  s t re n g th  o f  the  beam. In  o rd er to  reach  the v a lu e  o f  "Tjn? shown i n  F i g ,  33 
i t  i s  n e c e ssa ry  to  use  an 1 /d  r a t io  o f  a p p ro x im a te ly  3 :1 . U n fo r tu n a te ly  the  
s t r e s s  d i s t r ib u t io n  a t  such  low  1/ d  r a t i o s  i s  ve ry  d i f f i c u l t  to  c a lc u la te  
because o f  the  la r g e  l o c a l  s t r e s s e s  beneath  the  c e n t r a l  lo a d in g  r o l l e r ,  and 
the  non e l a s t i c  b e h av io u r  o f  the  beam. Another d isa d v a n ta g e  o f  t h i s  method 
o f sh e ar  t e s t in g  i s  the  sm a ll volume o f  m a te r ia l  su b je c te d  to  the maximum 
sh e a r in g  s t r e s s  ( 80 ) .
S e v e ra l w orkers have commented on the  use  o f  sh o r t  beam t e s t s  f o r  the  
d e te rm in a tio n  o f  IL S S  (33* 77> 81, 82, 83> 84 ) .  The v a lu e s  o b ta in e d  are  
extrem ely  s e n s i t iv e  to  f ib r e  and sp a n -to -d e p th  r a t i o  and f a i lu r e  r a r e ly  
o ccu rs  i n  the  c l a s s i c a l  manner p re d ic te d  by the e l a s t i c  th e o ry  e q u a tio n s  
(and  sh e ar  f a i lu r e  on the  n e u t r a l  p la n e ) . C h a r a c te r iz a t io n  o f  f r a c tu re  
s u r fa c e s  and proposed  m echanism s fo r  f a i l u r e  have been in v e s t ig a t e d  by 
D a n ie ls ,  H a rakas and Jackso n  ( 84 )» who c a r r ie d  out sh o r t  beam t e s t s  on 
t r e a te d  and u n tre a te d  f ib r e  c o m p o site s. They c l a s s i f i e d  sh e ar  f a i lu r e s  
i n t o  v a r io u s  f a i lu r e  modes ( F i g 9) i n c lu d in g : -
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FIG._8 _ EFFECT OF . d O N  THE CALCULATED
SHEAR STRENGTH
FIG. 9 SHORT. BEAM FAILURE MODES
a) D iscre te  shear fa ilu re s  characte rized  by a s in g le  crack which may be 
f l a t ,  ir r e g u la r  or only at the side o f the specimen„ These correspond to  
b r i t t l e  behaviour and show a load drop r
b) Homogeneous shear fa i lu re s  in  which there  is  no V is ib le  sign o f fa i lu re  a f te r  
the load has passed through a maximum. These fa ilu re s  are assumed to  have 
occurred by a shearing mechanism which is  homogeneously d is tr ib u te d  throughout 
the sample. In  th is  case there  i s  no sharp load drop.
c) Permanent deformation and compression jamming may occur e sp e c ia lly  a t h igh 
tem perature. The lo a d -d e fle c tio n  curves e x h ib its  a p o in t o f in f le c t io n  in  the 
case o f compression jamming because a po in t i s  reached where the forces are 
tran sm itted  to  the sample in  compression ra th e r than in  shear.
d) Tensile  fa ilu re s  may be e ith e r  through the specimen or confined to  the 
outermost f ib re s .
e) The compressdive s tress  beneath the c e n tra l r o l le r  can also cause fa i lu re  
o f the beam because o f the lo c a l s tress  concen tra tion .
The mode o f fa i lu re  in  (e) was not observed by Daniels e t a l ,  but i t  has 
been reported  by o ther workers (77 & 81 ) in  the short beam te s ts  and by 
Hancox in  impact te s ts .  H a rr is , Novak and Bader e t a l have a lso commented on 
the e ffe c t o f f ib re  treatm ent on the value o f ILSS obtained using the short 
beam te s t  and a change in  fra c tu re  mode has also been observed. The ILSS o f 
CFRP f a l l s  s l ig h t ly  w ith  in c reas ing  V f i f  the f ib re  is  un treated and increases 
w ith  Vf i f  the f ib re  re s in  bond has been improved by f ib re  surface o x id a tio n . Bader 
et a l noted th a t shear fa i lu re s  are gen e ra lly  observed in  un trea ted  type I  
composites and a t h igh values o f V f in  o ther m a te ria ls . Most tre a te d  f ib re  
composite fra c tu re  surfaces have two d is t in c t  fa i lu re  zones, a r e la t iv e ly  
smooth compression reg ion beneath the c e n tra l load ing  r o l le r  and a te n s ile  
reg ion which e x h ib its  f ib re  p u l l  o u t. Where in te r la m in a r fa i lu re  occurs i t  is  
o ften  associated w ith  f le x u ra l fa i lu re  and i t  is  fre q u e n tly  away from the 
n e u tra l plane a t which the maximum shear s tress  should be exerted .
The re s u lts  o f f le x u ra l te s ts  a lso re q u ire  ca re fu l In te rp re ta t io n .
I t  i s  im portan t to  avoid premature compressive buck ling  (82) v/hich lowers 
the value o f Y  max. obta ined, A c a re fu l ana lys is  o f the fa i lu re  mode during 
beam te s t in g  is  necessary in  order to  understand the fra c tu re  process*,and the 
a p p l ic a b i l i t y  o f the e la s t ic  theory equations.
1 .6 .4  DIRECT SINGLE SHEAR TEST
This  i s  an a lte rn a tiv e  method to  determine the ILSS in  which notches are 
made in  the specimen to  produce a shear fa i lu re  when the specimen is  loaded in
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tens ion  or compression. This type o f te s t i s  used fo r  the assessment o f 
adhesive jo in ts  and in  a s u ita b le  form i t  can be used on re in fo rc e d  p la s t ic  
jo in ts .  In  i t s  s im plest form i t  cons is ts  o f a plane p a ra lle l-s id e d  specimen 
notched on opposite sides and gripped in  a te n s ile  te s t in g  machine. The 
disadvantage o f th is  te s t  is  the s tress  concentra ting  e ffe c t o f the notch. 
Volkersen (86) and Goland and Reissner (87) have examined th is  e f fe c t  and 
conclude th a t the id e a l cond itions  to  avoid la rg e  s tress  concentra tion  a re :-
( i )  A f le x ib le  re s in ,
( i i )  A shaped or ro ta te d  jo in t ,
( i i i )  A sm all overlap re g io n ,
( iv )  High modulus adherend,
(v) Th ick adherend and adhesive la y e rs .
There has been very l i t t l e  work re la t in g  DSS shear re s u lts  fo r  CFRP to  
the above fa c to rs  although severa l v/orkers have obtained re s u lts  fo r  shear 
s tren g th  from DSS te s ts .  B a ll  \and Raymond (88) compared the DSS te s t  w ith  the 
short beam te s t  and found the la t t e r  gave h igher re s u lts  probably because
of the s tress  concentra ting  e f fe c t  o f the notch and they concluded th a t in  the 
DSS te s t fa i lu re  always occurs on a predetermined plane whereas the short beam 
o fte n  fa i le d  in  a mixed mode. The DSS te s t  is  more searching in  i t s  exposure 
o f in te r la m in a r weakness although more work is  requ ired  to  asce rta in  which 
te s t  is  most s u ita b le  fo r  ILSS de te rm ina tion .
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Fracture  toughness i s  a measure o f the a b i l i t y  o f the m a te ria l to  
r e s is t  f ra c tu re .  M a te ria ls  w ith  low fra c tu re  toughness are suscep tib le  to  
ca tas trop h ic  fa i lu r e .  There are th ree  parameters which may be used to  describe 
the crack r e s i s t a n c e c h a r a c t e r i z e s  the in te n s ity  o f the stresses a t the 
crack t ip  in  the cleavage mode o f the fra c tu re ; ifp is  the lo c a l work requ ired  
to  form u n it  area o f craok (33>.G|C is  the ra te  o f re lease o f e la s t ic  s tra in  
energy as the crack grows ( i . e .  2jfp ) .  There are several d i f fe re n t  methods o f 
c a lc u la tin g  these param eters, ( 1 1 4 ) «
Impact Tests
Many m a te ria ls  behave in  a b r i t t l e  manner under impact load ing
cond itions  and the energy absorbed by a specimen from the pendulum in  a ra p id
te s t  such as the Charpy or Izod te s t  is  one o f the eas ies t p ro p e rtie s  to
measure. U n fo rtuna te ly  these te s ts  produce re s u lts  which are d i f f i c u l t  to
re la te  to  se rv ice  cond itions  and also s e n s itiv e  to  specimen geometry, A very
sharp notch is  o fte n  used to  prevent the energy o f crack in i t ia t io n  from
c o n tr ib u tin g  to  and obscuring the re s u lt ,  i t  a lso ensures th a t fa i lu re  occurs
a t the la rg e s t flow  which i s  o f known dimensions. The re s u lts  o f pendulum 'tests
are q u ite  o ften  comparable w ith  those o f more soph is tica ted  c o n tro lle d  crack
propogation te s ts  (33) and fra c tu re  energy )L is  given b y :-r
a) For unnotched specimens
* F = .y . - ufE 2 bd 2
b) For notched specimens
X = -U- = Unf
N F  2 b(d-n) 2
1 . 6 . 5  F R A C T U R E  T O U G H N E S S  T E S T I N G
UF
a Impact fra c tu re  energy
U a energy absorbed
d a th ickness o f specimen
b a w idth o f specimen
UNF - NI fra c tu re  energy
n a notch depth
There are severa l c o n tr ib u tio n s  to  the energy absorbed by the specimen:-
( i )  The work o f fra c tu re  o f the m a trix
( i i )  The work o f fra c tu re  o f the f ib re s
( i i i )  The energy requ ired  to  debond the f ib re s  from the m a tr ix
( iv )  The e la s t ic  energy re lease when the f ib re  and m a trix  debond
(v) The f r ic t io n a l  work requ ired  to  p u l l  the broken f ib re  from the cracked
m a trix
( v i)  The p la s t ic  work done in  shearing f ib re s  th a t are not normal to  the 
crack face
( v i i )  P a ra lle l s p l i t t in g
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I t  i s  im portan t to  understand how d if fe re n t  parameters a f fe c t  the 
energy absorbed and the fra c tu re  mode.
( i ) ease ra te
H arrison (89) observed th a t cracks propogate in  th e ir  own plane if the 
s tra in  energy re lease ra te  G fo r  propagation in  th a t d ire c t io n  equals the
corresponding energy to  create u n it  area o f crack, A necessary cond ition  fo r  
s p l i t  fo rm ation a t the end o f a crack whose plane is  perpendicu lar to  the 
f ib re s  i s : -
s t ra in  energy re lease ra te s  fo r  propagation perpendicu lar and p a ra l le l to  the 
f ib re s  re s p e c tiv e ly . The load a t which a s p l i t  forms is  such as to  make 
Gy = Ry. Anything which a ffe c ts  Gx /Gy and R^ /Ry may in flu e n ce  the fa i lu re  
mode o f the composite.
( i i )  Geometric Factors
The most im portan t geometric fa c to r  in flu e n c in g  the impact behaviour o f 
u n id ire c t io n a l CFRP is  1 /d  r a t io .  The tendency fo r  p a ra l le l s p l i t t in g  increases 
a t lower 1 /d  and Hancox (90) found th a t fo r  constant w idth o f specimen impact 
energy increases n o n - lin e a r ly  w ith  depth, approxim ately as i t s  square, E l l i s  
and H a rr is  (91) on the o ther hand obtained a lin e a r  re la t io n s h ip  between impact 
energy and depth. Increase in  impact energy w ith  depth may be a t tr ib u te d  to  the 
c o n tr ib u tio n  o f shear s tra in  energy in  th ic k e r  specimens (90) and th e re fo re  
p ro p e rtie s  must be re la te d  to  the geometry and care must be taken when sca ling  
re s u lts  up or down.
( i i i )  F ib re  type
Type I I  f ib re  composites e x h ib it  a g rea te r impact res is tance  than those 
o f Type I  w ith  corresponding surface treatm ents (92) and th is  is  a t tr ib u te d  to
cr2the s tra in  energy sto red in  the specimen which is  p ro p o rtio n a l to  -jr- , 
e t a l (92) ranked composites according to  Charpy impact performance using a 
model based on the s tra in  energy in  the specimen and independent o f f ib re /m a tr ix  
bond s tre n g th . Bader e t a l (92) proposed a model which accounts fo r  o ther 
c o n tr ib u tio n s  v/hich vary according to  the composite fa i lu re  mode. Fractures are 
c la s s if ie d  a s :-
(&) B r i t t le  -  The s t ra in  energy requirements fo r  crack pz-opogation are 
derived from the s tra in  energy stored in  the te s t  piece and the impact energy
R^ and Ry are the energies to  create u n it  surface area G^ and Gy are the
(b) Progressive:- The crack moves forward in a series of small steps at a 
slower rate than the pendulum. The cross section and the stiffness of the 
test piece is progressively reduced, but the pendulum continues to transfer 
energy to the specimen and the impact energy Up is given by
Up/UB * 2.33
(c) Multiple shear:- Failures occur parallel to the fibre axis and the 
stiffness of the beam is reduced and there is a decrease in the reaction of the 
pendulum. The energy absorption is more difficult to estimate in this case 
since there is no way of predicting the number or position of interlaminar 
failures. Bader et al did a specimen calculation for a beam which splites
into four laminates and found that:-
U ms/UB = 3.09
These values correspond well with those observed experimentally and a
general assessment of impact behaviour may be obtained from the fibre strength
and fibre modulus. The failure mode may be predicted from a consideration of 
interface properties and the relative values of , Gy, 501(1 Ry,
(iv) Fibre surface treatment
Surface treatments are used to increase the adhesion between fibre and 
matrix, it also increases the value of Ry two or three times and this may
affect the failure mode (33) • Treated fibre composites generally fail by
transverse cracking while the untreated fibre specimens exhibit multiple 
shear cracking with higher energy absorption.
Models based on pull out (94), t h e  work done in extracting fibres from 
a broken matrix, and debonding (95), the work done in breaking the fibre 
matrix bond, have been proposed. Experimental work (96, 97 and 98) indicates 
that in a ductile matrix fibres pull out of the matrix while in a brittle • 
matrix debonding occurs before pull out. The relative contributions of 
pull out and debonding have been assessed (95 and 99). The work done in 
debonding appears as strain energy in the fibre and if debonding occurs over 
a length x the strain energy in the fibre is given by:-
W °  =  8E2 £  ~A T *)2 ^  =  Wd
Wd = energy/unit area to debond the fibre and matrix.
WD ~ Total work done debonding the fibre and matrix.
The maximum value of this work is when CT reaches the breaking 
strength of the fibre at d
=  dOf
-  P, 4 XIntegrating WD =jjd_ / Of ) 07X  
24 \ E /
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The work requ ired  to  p u l l  a f ib re  from the m a tr ix  over a d istance 
is  given by (9 9 )J-
WD = iTTd TX2  = iT T d V x  
PO 2 8  '
and the r a t io  o f the maximum work o f p u l l  out to  the work done in  debonding 
i s : -
Wpr> = 3E 
WD rf
For carbon f ib re s  W /WD is  u s u a lly  la rg e . I f  the work o f fra c tu rePO
i s  la rg e ^  must be sm all otherw ise the f ib r e  breaks ra th e r than debonds.
I f  % i s  sm all V/ is  la rg e , but i f  PO
2
WD :> o r  d 
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debonding is  im possib le and the f ib re  breaks w ithou t debonding or p u ll in g  
o u t,
Bradshaw, Dorey and Sidey (100) stud ied  the impact behaviour o f boron 
composites and conclude th a t there is  no increase in  impact energy w ith  f ib re  
diameter which c o n tra d ic ts  the proposed model. They p o in t out however th a t 
increased fra c tu re  energy w ith  la rg e r  f ib re  diameter may be confirmed in  
c o n tro lle d  fra c tu re  experim ents,
(v) Volume F rac tion
The energy absorbed during  impact is  re la te d  to  f ib re  Vf  by the ru le  o f 
m ixtures f a i r l y  c lo s e ly  up to  o.6 Vf (9 2 ). At about o,7 Vf  however a maximum 
is  reached probably because o f the d i f f i c u l t y  in  producing sound composites 
a t h igh V f 's .
( v i)  S tra in  Rate
At s u f f ic ie n t ly  h igh  s tra in  ra te s  inc rea s ing  shock wave in e r t ia  e ffe c ts  
and decreases in  re la x a tio n  processes produce changes in  impact performance. 
Compression shock waves re f le c te d  from the back o f the specimen may produce a 
grea te r tendency to  fa i lu re  in te r ia m in a r ly  (101), Bradshaw, Dorey and Sidey 
found th a t the th resho ld  energy fo r  i n i t i a l  damage is  in s e n s it iv e  to  s tra in  
ra te  up to  impact v e lo c it ie s  o f 300 ip /s .
( v i i ) Resin m o d ifica tio n s
I f  the fra c tu re  s t ra in  o f the re s in  is  below th a t o f the f ib re s  the 
re s in  f a i l s  f i r s t  and the impact performance is  poor. This is  the re fo re  
gen e ra lly  avoided in  p ra c t ic e . I t  i s  im portan t to  understand whether fu r th e r
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increases in matrix strain, obtained, by chemical modification or the use of 
plasticizers will improve the impact properties of the composite.
s t r a i n
Impact te s ts  on GRP (102) in d ic a te  th a t an increase in  m a trix^a llow s 
the development o f g rea te r shear, provided th a t the m a tr ix  bond s treng th  is  
not s ig n if ic a n t ly  reduced. This increases the th resho ld  fo r  i n i t i a l  damage 
and where fu r th e r  damage in vo lve s  propogation o f the delam ination there  may 
be an increase in  impact energy, bu t where fa i lu re  occurs transverse to  the 
f ib re s  l i t t l e  b e n e fit  i s  derived from a p la s tic iz e d  re s in  (103).
( v i i i )  Temperature
Barker et al (104) and Bader et al found that in broken impact specimens 
the proportion of tensile (fibrous) fracture surface in a composite decreases 
as the temperature is raised. Barker suggested that more energy is required to 
initiate and propogate a tensile failure than a compressive failure because of 
the increase in fibre pull out and the impact energy should decrease at higher 
temperatures. This may be modified near the resin Tg because of the increase in 
resin toughness and ductility. Barker also studied various fibre resin 
combinations and found that the impact energy was much more sensitive with 
temperature in the untreated fibre composites, this may be linked with the 
different mode of failure.
le 6 ^ ° 2 OTHER FRACTURE TOUGHNESS TESTS
Double C a n tile ve r te s t
This te s t  cons is ts  o f a c a n tile v e r  bar w ith  side grooves which guide the 
crack down the specimen when the c a n tile v e r  arms are p u lle d  apart (105 and 106) . 
E la s t ic  beam theory is  then used to  c a lcu la te  X the fra c tu re  surface energy.
The te s t  i s  use fu l fo r  transparent polymers but w ith  composites i t  i s  
very d i f f i c u l t  to  fo llo w  a crack which is  bridged by f ib re s  along i t s  le n g th .
The mechanism o f fa i lu re  agrees w e ll q u a li ta t iv e ly  w ith  the models p red ic ted  
by K e lly  and Outwater but q u a n tita t iv e  measurements are d i f f i c u l t  and 
u n re lia b le .  In  the case o f f ib re s  a ligned  p a ra l le l to  the fra c tu re  p lane, the 
crack can be fo llow ed more e a s ily , but the re s u lts  are again d i f f i c u l t  to  
in te rp re t  because o f f ib re s  crossing the fra c tu re  plane and i t  is  the re fo re  
o f l im ite d  use.
Slow bend te s t
The slow bend te s t (107) may also be used to  ob ta in  a value fo r  fra c tu re  
energy o f f i l l e d  and u n f i l le d  re s in  systems. I t  cons is ts  o f propogating a crack 
in to  an in c reas ing  area thereby c o n tro ll in g  i t s  ra te  o f propogation, Bader e t a l 
found th a t the re s u lts  obtained from th is  te s t  correspond w e ll w ith  impact te s ts  
except a t h igh V f 's .
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At low V f*s  fa i lu re  is  g e n e ra lly  progressive and occurs in  a number 
o f steps from the apex to  the base o f the t r ia n g u la r  c ross -se c tion , but a t 
h igh V f 's  in te r la m in a r s p l i t t in g  occurs as the main crack propogates 
p a ra l le l to  the f ib re s .  The fa c to rs  a ffe c t in g  the energy and type o f fa i lu re  
obtained should a lso a ffe c t the re s u lts  o f the slow bend te s t ,
1 .6 .6  FATIGUE
Fatigue fa ilu re s  is  one o f the most common serv ice  fa ilu re s  in  metals 
and i t  is  h e lp fu l i f  the te s t  methods used in  the fa tig u e  te s t in g  o f CFRP 
sire re la te d  as c lo se ly  as poss ib le  to  those o f m eta ls. There are various 
poss ib le  te s tin g  modes; ro ta t in g ,  plane bending, a x ia l load ing , to rs io n  and 
spec ia l te s ts  in c lu d in g  component te s ts  e tc . (108). Bonding is  one o f the most 
im portant te s t in g  methods o f CFRP,
C yc lic  fa tig u e  occurs in  homogeneous m a te ria ls  as a re s u lt  o f lo c a liz e d  
p la s t ic  deformation which f i r s t  forms surface defects and then fa c i l i t a te s  
the spread o f these defects under the f lu c tu a t in g  s tress  (H a rr is  33), and in  
polymers th is  deformation re s u lts  from the viscous motion o f polymer chains.
In  f ib re  re in fo rc e d  m a te ria ls  there  are no c y c lic  fa tig u e  e ffe c ts  on 
composites tes te d  in  tens ion  (33, 109 and 110), the f ib re s  support the load 
com pletely and hhe to ta l  s t ra in  range in  the composite is  sm all because o f 
the h igh modulus o f the f ib re s ,  there is  th e re fo re  l i t t l e  scope fo r  e ith e r  
m a tr ix  heat b u ild  up (33) or m a trix  craz ing  and c rack ing , Owen and M orris  (110) 
performed experiments on c ro s s -p lie d  CFRP and concluded th a t the behaviour is  
s im ila r  to  th a t o f the u n id ire c t io n a l eq u iva le n t.
Owen and M orris  and H a rr is  have shown th a t repeated bending has a 
s ig n if ic a n t  e f fe c t  on the S-N curve producing a d e f in ite  negative slope on a 
lo g - lo g  p lo t ,  th is  is  more pronounced in  reversed bending. Owen (108) also 
showed th a t the fa i lu re  in  in te r la m in a r shear fa tig u e  was s im ila r  to  th a t 
observed in  the s ta t ic  te s ts  and the i n i t i a l  fa i lu re  occurred on the n e u tra l 
plane in  the untreated f ib re  composites, w h ile  a mixed mode fa i lu re  gen e ra lly  
occurred in  ti^eated composites. Damage due to  r o l le r  in d e n ta tio n  observed in  
s ta t ic  bending was enhanced during  fa tig u e  (81 and 82 ),
One o f the problems o f us ing CFRP is  the d i f f i c u l t y  in  p re d ic tin g  a 
s a t is fa c to ry  fa i lu re  c r i te r io n  because o f the various possib le  fa i lu re  modes. 
For c e r ta in  a p p lic a tio n s  where the avoidance o f leakage is  im portan t, debonding 
must be prevented. Smith and Owen have estab lished a fa i lu re  c r i te r io n  fo r  GRP 
based on the s t ra in  a t the onset o f debonding. In  both GRP and CFRP the 
a n iso tro p ic  nature o f the composite co n tro ls  the fa tig u e  behaviour and ILSS, 
f ib re  buck ling  s treng th  and transverse shear s treng th  may be the c o n tro ll in g
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parameters in  the fa tig u e  o f CFRP.
There have been severa l attempts to  use p re d ic tiv e  ru le s  fo r  CFRP 
( 108) ,  these c r i t e r ia  are o f l im ite d  importance however because the 
p re d ic tio n s  tend to  be too o p t im is t ic .  In  m e ta llic  s tru c tu re s  i t  was re a liz e d  
th a t the ^pred iction o f safe l i f e  is  concerned w ith  the knowledge o f the 
i n i t i a l  s ize  o f flaw s, the crack propogation ra te s  and c r i t i c a l  crack s izes 
(1-08). in  sm all specimens re s in  cracking occurs u n ifo rm ly  throughout during 
fa tig u e  u n t i l  ju s t  before f in a l  fa i lu re  \vhen a lo c a liz e d  reg ion  o f in tense 
damage occurs ( 108). I t  is  poss ib le  in  sm all specimens fo r  a la rge  damage 
zone to  precede a running crack under a s ing le , a p p lic a tio n  o f load and Owen 
and Rose ( 111) consider th a t th is  casts doubt on the v a l id i t y  o f c r i t i c a l  
s tress  in te n s ity  measurements. They found th a t as the specimen size is  
increased the micro-damage zone becomes r e la t iv e ly  sm aller and in  some cases 
in  GRP, P a r is 1 crack propogation re la t io n s h ip  is  app licab le  (112) ; -
^  = G^Km da is  the ra te  o f crack growth
dn
C is  a m a te ria l constant 
AjC is  the a lte rn a tin g  s tress  in te n s ity  
fa c to r
m is  the number o f cycles requ ired  fo r  
a crack o f leng th  CL to  grow to  the 
c r i t i c a l  s ize
The o b jec tives  o f fa tig u e  te s t in g  are as fo llo w s  (1 0 8 ):-
(1) To understand the fundamental fa i lu re  mechanisms
(2) To determine the comparative fa tig u e  res is tance  o f m a te ria ls
(3) To determine the e ffe c t o f m a te ria l com position, processing and 
environment on the fa tig u e  p ro p e rtie s
(4) The fo rm u la tion  o f p re d ic tiv e  design ru le s
(5) Confirm ation o f the design p re d ic tio n s  by te s tin g  the components.
In  th is  section  the various experim ental techniques used to  prepare 
the composites and to  determine th e ir  p ro p e rtie s  are described,
2.1 PREPARATION OF COMPOSITES
The composites were made in  one o f two ways.
2 ol .1 Pre-inrpregnated m a te ria l
Type I I  (HTS) carbon f ib r e  manufactured in  continuous leng ths by 
Courtaulds L im ited  was made in to  1" wide prepreg tape 0,01" th ic k  by CIBA-ARL 
using th e ir  re s in  system DLS 60. The tape was lam inated by B r it is h  A ir c ra f t  
Corporation in to  bars each bar being 25 x 25 mm sec tion , w ith  10 lam inates in  
each se c tio n , and 1 ,2  m lo n g . The f ib re  content o f the fin is h e d  moulding was 
nom inally 0.60 Vf and the m a te ria l was supp lied in  the f u l l y  cured co n d itio n ,
2 .1 .2  Wet la y -up  m a te ria l
The leaky mould technique was used to  produce carbon f ib re  composites 
using the fo llo w in g  f ib r e s : -
(a) MORGANITE MODMOR Types I  and IS high modulus f ib re s
(b) MORGANITE MODMOR Types I I  and I I  S high s treng th  f ib re s  
In  each case S denotes surface tre a te d  f ib r e .
The f ib re s  were moulded in  a SHELL epoxy re s in  system, EPIKOTE 828 
w ith  hydroph tha lic  anhydride HPA as a cu ring  agent and benzyld im ethyl amine 
BDMA as a c a ta ly s t in  the p ropo rtion  100:80:1 . This re s in  system was used 
because i t s  low v is c o s ity  and long ge l tim e fa c i l i t a te d  good w e tting  o f the 
f ib r e .  The moulding procedure was ca rr ie d  out as described below.
A q u a n tity  o f re s in  in  excess o f moulding requirements was weighed out 
in  a beaker and the ca lcu la ted  weights o f cu ring  agents and c a ta ly s t were 
added. HPA is  a white  s o lid  a t room temperature (m e lting  po in t = 30° C), i t  
was th e re fo re  preheated a t 80° C fo r  about h a lf  an hour to  produce a c le a r 
l iq u id  which mixed re a d ily  w ith  the re s in ,  and the B0D.M„A0 was added dropwise. 
The contents o f the beaker were s t ir r e d  thorough ly and placed in  an a i r  
c ir c u la t in g  furnace a t about 80° C fo r  f iv e  minutes, during  which tim e the 
v is c o s ity  o f the m ixture  decreased. P art o f the re s in  m ixture  was poured in to
a preheated mould coated w ith  mould re lease agent. The ca lcu la ted  weight o f 
precut f ib re s  was then placed in  the mould and thoroughly wetted before the
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. 4 4
remainder o f the re s in  was added. The l i d  was placed on the mould which 
was in s e rte d  between the p la tte n s  o f a preheated press (80° C) on an 
aluminium f o i l  t ra y .  The excess re s in  was squeezed out over a period  o f 
twenty m inutes, the l i d  being closed s low ly to  a llow  the a i r  bubbles to  r is e  
to  the surface and escape along w ith  excess re s in .  The re s in  was cured at 
80° C fo r  three hours and allowed to  cool s low ly to  reduce any shrinkage 
s tresse s . An o p tio na l post cu ring  treatm ent o f fou r hours a t 120° C was 
a lso ca rrie d  out to  m odify the re s in  mechanical p ro p e rt ie s . The composites 
produced by th is  technique were reasonably w e ll a ligned  w ith  low vo id  
con ten ts .
2 .2  DETERMINATION OF FIBRE VOLUME FRACTION
The f ib re  volume fra c t io n  Vf has a s ig n if ic a n t  e f fe c t on the mechanical 
p ro p e rtie s  o f the composite and th e re fo re  an accurate assessment o f V f is  
im portan t in  the ana lys is  o f composite p ro p e rt ie s . An in v e s tig a t io n  o f the 
various methods o f Vf determ ination was ca rrie d  out on the HTS/DLS 60 
prepreg m a te r ia l.
2.2*1 PHOTOMICROSCOPIC METHODS
For continuous u n id ire c t io n a l f ib r e  composites the area occupied by the 
f ib re  on a plane perpend icu la r to  the f ib re  d ire c t io n  is  a measure o f the 
f ib re  V f. Various methods were used to  analyse the Vf o f a po lished s e c tio n . 
The sections were po lished on diamond impregnated pads, the f in a l  p o lis h in g  
being performed on 1 micron diamond compound f i t t e d  on a v ib ra to ry  p o lis h e r.
A p o lis h in g  time o f up to  fo u r days was necessary to  ob ta in  a s a t is fa c to ry  
surface f in is h .  The Vf v/as then estimated by the fo llo w in g  techniques.
2 . 2 , 1 !  Quantimet T e le v is io n  Microscope ana lys is
The po lished specimen was in v e s tig a te d  on a Quantimet T e le v is io n  
Microscope (QTM). With the QTM i t  is  poss ib le  to  measure the volume fra c t io n  
o f d i f fe re n t  phases in  the m ic ro s tru c tu re  as a fu n c tio n  o f th e ir  re la t iv e  
b rig h tn e ss . The success o f th is  technique the re fo re  depends on the con tras t 
between the phases p resen t. In  the carbon f ib re  composites in v e s tig a te d  the 
f ib re s  were much l ig h te r  than the re s in  m a tr ix  and reasonable re s u lts  could
th e re fo re  be obta ined. U n fo i'tuna te ly  the value fo r  f ib re  Vf is  very s e n s itiv e
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to  the standard o f p o lis h  since any s ta in s  e s p e c ia lly  around the edges o f 
the f ib re s  were u su a lly  counted as re s in .  Measurements were made fo r  twenty 
d if fe re n t  areas o f each specimen. A value fo r  the mean V f and standard 
d e v ia tio n  are given in  Table 2.
2 .2 .1 .2  Po in t count
A transparent photographic p la te  w ith  100 po in ts  arranged 1 cm apart 
in  a 10 cm square was placed on a photomicrograph o f the specimen, obtained 
by a Zeiss U ltraph o t photomicroscope. The Vf was obtained by counting the 
number o f po in ts  which covered the f ib re s ,  a h a lf  being counted fo r  those 
p o in ts  co in c id in g  w ith  the in te r fa c e , The process was repeated twenty times 
fo r  each o f f iv e  separate photom icrographs. The re s u lts  are given in  Table 2 .
2 .2 .1 .3  Area count
This method is  s im ila r  to  the previous one. The diameters o f 100 f ib re s  
were measured on a photomicrograph and the mean diameter and i t s  standard 
de v ia tio n  were c a lcu la te d . The number o f f ib re s  were counted and the to ta l  
area occupied by these f ib re s  was estim ated. The process was repeated fo r  f iv e  
d if fe re n t  photomicrographs and the re s u lts  are shov/n in  Table 2 .
The photographic techniques produced f a i r l y  s im ila r  values fo r  Vf 
although those o f the Quantimet were s l ig h t ly  lower due to  the d i f f i c u l t y  in  
d e fin in g  the edges o f the f ib re s  a ccu ra te ly . The area count method gave the 
la rg e s t standard de v ia tio n  because o f the squared rad ius  term used to  
ca lcu la te  the f ib re  area. The po in t count method was the most s a t is fa c to ry  
o f the photographic techniques, but i t  v/as very time consuming since a la rge  
number o f reg ions had to  be considered in  order to  ob ta in  a re lia b le  value o f 
V f.
2<>2.2. burn- off method
The method cons is ts  o f b u rn in g -o ff the re s in  and estim a ting  the weight 
and hence the Vf o f the remaining f ib r e .  A composite specimen v/eighing about 
200 mg v/as placed in  a c ru c ib le  and heated to  500° C on a Stanton thermobalance. 
The weight o f the specimen was recorded continuously as the re s in  was burn t o f f  
(F ig . 1 0 ), The ra te  a t which the composite lo s t  weight g radua lly  decreased u n t i l  
a f te r  about fo r ty  minutes i t  became constan t. The specimen v/as removed from the 
thermobalance a f te r  2^ - hours and since there v/as no trace  o f re s in  in  the
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Determ ination o f F ib re  Vf o f prepreg m a te ria l by the various methods
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c ru c ib le  i t  may be concluded th a t the constant ra te  o f weight lo ss  is  
caused by ox ida tion  o f the f ib re s  and not by b u rn in g -o ff o f the re s in .
I f  the curve in  F ig , 10 is  ex trapo la ted  back to  the y -a x is , the value 
obtained represents the o r ig in a l weight o f the f ib re s  in  the composite 
assuming th a t ox id a tio n  o f the f ib re s  occurred im m ediate ly. Th is is  
however u n lik e ly  since the f ib re s  are embedded in  the re s in  m a tr ix , 
some o f which must be removed before o x id a tio n  can occur. The f ib re  Vf 
was ca lcu la ted  from F ig , 10, the ou ter l im i t s  o fthe  o r ig in a l weight o f 
f ib re  being given by p o in ts  A and B. Th is method the re fo re  only provides 
an approximate value o f V f but i t  i s  a u se fu l check fo r  comparing the 
re s u lts  obtained by o ther methods.
2 .2 .3  ACID DIGESTION TECHNIQUE
This method o f f ib re  V f determ ination  cons is ts  o f d is s o lv in g  the 
m a tr ix  and estim a ting  V f from the weight o f the f ib re  rem ain ing, A sample 
o f the composite weighing 0 ,2  -  0 ,5  grams was placed in  the re a c tio n  
vessel and 20 mis o f concentrated su lp h u ric  ac id  were added. This m ixture  
was heated a t 150° C, the ac id  turned brown as i t  attacked the re s in .
30 mis o f hydrogen peroxide H2O2 were added, th is  was done very c a re fu lly  
since the re a c tio n  i s  very exotherm ic. The vessel was heated u n t i l  the 
m ixture  fumed and then the vessel was allowed to  cool down. The contents 
o f the vessel were then poured in to  a beaker o f water ensuring th a t a l l  o f 
the f ib re  was removed from the re a c tio n  vesse l. A dry f i l t e r  o f known 
weight was f i t t e d  on a Buchner f la s k  and the contents o f the beaker were 
f i l t e r e d .  The f ib re s  were then thorough ly washed and d ried  before being 
weighed. The weight o f f ib re  was then tised to  ca lcu la te  the f ib re  Vf in  
the o r ig in a l sample and the re s u lts  are given in  Table 2 ,
The re s u lts  obtained from th is  method were u su a lly  s l ig h t ly  h igher 
than those o f the photographic methods th is  may be because o f voids in  the 
sample or re ta ine d  water which was not com plete ly removed. The samples 
used had to  be sm all because o f the exothermic nature o f the re a c tio n  and 
th is  l im ite d  the accuracy o f the experiment.
2 *3 MICRO,STRUCTURAL EXAMINATION
M ic ro s tru c tu ra l examination i s  extremely im portant because s tud ies  
o f the fra c tu re  surfaces o f broken specimens o fte n  give some in d ic a t io n  o f 
the fa i lu re  mechanism o f the m a te r ia l,  Specimens were examined
4 8
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m ic ro sco p ica lly  using the Scanning E lec tron  Microscope (S.E.M.) or by the 
o p t ic a l technique described in  sec tion  2 .2 ,1 , In  the S.E.M, in v e s tig a t io n  
the sample was vacuum coated w ith  a go ld /pa llad ium  a llo y  to  render the 
surface conductive, i t  was then examined in  the S.E.M. Mk. I I  a t 
m agn ifica tions  o f up to  10,000. In  some cases montages were made by tak ing  
severa l overlapping photomicrographs which were then jo ined  to  produce a 
composite p ic tu re  o f a p a r t ic u la r  reg ion a t f a i r l y  h igh m a g n ifica tio n .
2*4 DETERMINATION OF FLEXURAL STRENGTH
The bend te s t may be used to  determine the f le x u ra l s treng th  o f the 
f ib re  re in fo rce d  composite i- f  the te n s ile  (o r  compressive) s treng th  o f the 
m a te ria l i s  exceeded before the in te r la ra in a r shear s treng th  is  reached.
Three p o in t bend te s ts  were c a rr ie d  out on an In s tro n  te s t in g  machine a t a 
crosshead speed o f 2 m illim e tre s  (mm)/minute (min) and the f le x u ra l s treng th  
was ca lcu la ted  from the equation:«*
CX =  5 P L where P is  the load in  nev/tons
2 b d2 L is  the beam span
b is  the te s t piece w id th  
d is  the te s t piece depth
The v a r ia t io n  o f f le x u ra l s tren g th  w ith  f ib re  Vf a t an 1 /d  o f 
approxim ately 20 is  shown in  F ig . 11. Results are given fo r  both the 
MODMOR -  828/HPA/BDMA wet la y  up composites and the HTS/DLS 60 prepreg 
m a te r ia l, although the la t t e r  was only a v a ila b le  in  two f ib re  V f*s . In  each 
o f the composite systems examined the f le x u ra l s treng th  increased up to  
0.6 V f, above th is  value however only type I I  trea ted  f ib re  composite 
showed any s ig n if ic a n t  in c rease .
The e ffe c t o f o ther parameters on the f le x u ra l s treng th  o f the 
composite was also in v e s tig a te d .
2*4.1 THE EFFECT OF l / d
The f le x u ra l s treng th  o f the HTS/DLS 60 prepreg m a te ria l was 
ca lcu la ted  from the re s u lts  o f three p o in t bend te s ts  ca rr ie d  out at 
1 /d  ra t io s  ranging from 5 s 1 - 3 0  : 1 . The values obtained are shown in
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F ig . 12. Even a t low values o f 1 /d  fa i lu re  occurred by f le x u re  ra th e r  
than by in te r la m in a r  shear on the n e u tra l p lane .
The fa i le d  specimens were examined by S.E.M. and o p t ic a l microscopy 
and the general fe a tu re s  o f the fra c tu re  surface o f specimens tes te d  a t low 
1 /d  (5 : 1) are shown in  F ig . 12. The f ra c tu re  surface co n s is ts  o f two 
re g io ns , the compressive fa i lu r e  reg ion  which is  cha ra c te rize d  by very short 
f ib re s  and fragments o f re s in  and f ib r e  deb ris  (F ig s . 13 and 14) » and the 
te n s ile  fa i lu r e  reg io n  in  which the broken f ib re s  are much lo nge r (F ig s . 15> 
16 and 1 7 ). The f ib re s  in  the te n s ile  reg ion  appear to  have been p u lle d  out 
in  clumps ra th e r  than as s in g le  f ib r e s .  Montages o f the reg io n  beneath the 
c e n tra l lo ad ing  r o l l e r  (F ig .  18) show th a t the compression fa i lu r e  was caused 
by f ib r e  b u ck lin g  a t the con tact edge o f the load ing  r o l l e r ,  the angle 
between the plane o f the buckle and the f ib r e  a x is  in  F ig .1 8 i s  
approxim ate ly 60°. The fa i lu r e  mode o f the MODMOR -  828/HPA/BDMA composites 
was s im ila r  to  th a t described above except fo r  the un trea ted  type I  
composites a t h igh f ib r e  V f which fa i le d  by in te r la m in a r  shear.
Experiments were a lso  c a rr ie d  out to  determine the  sequence o f fa i lu re  
events in  the- above te s ts .  Severa l specimens were loaded to  d i f fe r e n t  p o in ts  
on the lo a d -d e f le c t io n  curve and then examined using S.E.M. and o p t ic a l 
m icroscopy. The load  d e f le c t io n  curve i s  shown in  F ig .  19 and i t  cons is ts  o f 
fo u r s e c tio n s :-
( i )  Section a-b i s  the  take up reg ion  in  which the load  is  a pp lied  to  the 
specimen,
( i i )  In  sec tion  b-c the lo ad  is  p ro p o rt io n a l to  the d e f le c t io n .
( i i i )  In  sec tion  c-d the  s lope o f the curve decreases due to  r o l l e r  
in d e n ta t io n .
( iv )  At d the f i r s t  load  drop occurs and th is  i s  fo llow ed  by a se rie s  o f 
load drops u n t i l  a t (e) the fa i lu r e  process is  com plete.
M icroscopic in v e s t ig a t io n  o f the o ff- lo a d e d  specimens in d ic a te s  th a t
f ib re  buck lin g  occurred a t p o in t d or soon a fte rw a rd s . Damage was a lso  
observed p a ra l le l to  the f ib re s  a t the base o f the compression reg io n  (F ig s . 
20 and 21) th is  should no t be confused w ith  in te r la m in a r  shear fa i lu r e  which 
occurs on the n e u tra l p lane .
The general fe a tu re s  o f the fra c tu re  surfaces o f specimens te s te d  a t 
h igh  1 /d  (20 : 1) were s im ila r  to  those described above a lthough in  th is  
case the compression buckle was more complex (F ig .  2 2 ). In  F ig .  22 two 
compression buckles merge to  produce the fa i lu r e  a t 90° to  the  f ib r e  a x is .
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FAILURE MODE OF THE SHORT BEAM
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FIG. 13
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Fig 18 Montage of the failure in the compressive 
region.
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The specimen was prepared fo r  the S.E.M. examination by c leav ing  the 
fa ile d  beam p a ra l le l to  the f ib re s  th e re fo re  the resinous nature o f the 
surface has no s ig n if ic a n c e .
2 .4 .2  THE EFFECT OF TEMPERATURE
Three p o in t bend te s ts  were performed on the HTS/DLS bQ prepreg
m a te ria l over the temperature range -  50 to  + 70°C in  a Sondes Place
Research In s t i tu te  temperature chamber adapted fo r  use on the In s tro n  
te s t in g  machine. The re s u lts  o f the te s ts  c a rr ie d  out at 1 /d  = 2 0  are 
shown in  F ig . 23. Examination o f the broken te s t  pieces a t low
m a g n ifica tio n  (F ig s . 24 -  30) shows th a t :~
(a) At low temperatures (•»50°C to  “ 30°C) fa i lu re  occurred on the tens ion  
side o f the beam and i t  was accompanied by extensive de lam ina tion . There 
was however no s ign  o f compressive damage (F ig s . 24 and 25 ).
(b) At in te rm ed ia te  temperatures (-10°C + 10^C and +30°C) delam ination 
decreased p rog ress ive ly  w ith  increase in  tem perature. Compressive buck ling  
damage was observed beneath the c e n tra l load ing  r o l le r  a t each o f these 
temperatures (F ig s . 26, 27 and 28 ).
(c ) At h igh temperatures (+50°C and +70°C) there  was no delam ination but 
the compressive buckle became more severe (F ig s . 29 and 3 0 ). In  F ig . 31 
there are two compressive buckles, one on each side o f the r o l l e r .
From the above re s u lts  i t  may be concluded th a t a h igh f le x u ra l 
s treng th  is  associated w ith  a suppression o f the f ib re  buck ling  on the 
compression side o f the beam. The mode o f fa i lu re  was s im ila r  in  the short 
beam te s t  on HTS/DLS 60 prepreg m a te ria l however compressive buck ling  was 
not com plete ly suppressed a t low tem peratures. There was no evidence o f 
in te r la m in a r  shear fa i lu re  on the n e u tra l p lane . At h igher temperatures 
the e f fe c t  o f r o l le r  in d e n ta tio n  became more s ig n if ic a n t  and there  was 
some delam ination in  the re s in  r ic h  reg ions between the prepreg lam ina tes. 
In  both long and short beam te s ts  the f le x u ra l s treng th  o f the composite 
decreased ra p id ly  a t temperatures above -  10°C.
2 .4 .3  ' THE EFFECT OF FOUR POINT LOADING
In  order to  reduce the e f fe c t  o f the s tress  concentra tion beneath 
the c e n tra l load ing  r o l le r  in  the th ree  p o in t bend te s t ,  a fo u r p o in t
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test was carried out on the IITS/DLS 60 prepreg material. The flexural 
strength is given by the equations-
3 P L 
!Td2
Where L is the distance between the
inner and outer rollers
Visual observation of the broken test pieces revealed that despite 
the reduction of load beneath the inner rollers there was still some 
damage in this region. The problem was overcome by using aluminium alloy 
backing plates to allow gradual diffusion of load onto the specimen. The 
results of the four point bend tests on the composites protected by 
backing plates are shown in Fig.11. The values for (f max at room temperature 
are approximately equivalent to those obtained at - 50° C in the three point 
bend tests and in specimens which did not undergo roller indentation,
2.4.4 EFFECT OF REPEATED LOADING
Fatigue tests were performed on the HTS/DLS 60 prepreg material at 
stresses below the static failure stress. Short beam specimens were tested 
in 3 “ point bending on an Instron testing machine using a crosshead speed 
of 10 mm/min. The load was cycled from a small positive load to a selected 
maximum in order to avoid the zero load situation and the need for elaborate 
location fixtures. Experiments were carried out at temperatures ranging from 
- 50° C to + 70° C and the results are shown in Fig. 32. The short beam 
results lie on a shallow curve of convex form which contrasts with the more 
usually observed concave shape. The stress axis refers to the calculated 
shear stress at the neutral plane (ILSS) .
A diagrammatic representation of the fracture surfaces is shown in 
Fig. 33. S.E.M. examination revealed that at low temperatures flexural 
failure was accompanied by delamination (Fig. 34), while at high 
temperatures (730° C) there was significant plastic deformation of the 
specimen and Figs. 35 - 37 show the tendency towards separation into the 
original prepreg layers during fatigue. This plastic deformation at high 
temperatures makes the establishment of a satisfactory failure criterion 
very difficult.
Long beam fatigue tests were also carried out in both 3 and 4 - point 
bending. Three-point tests (L/d = 1 6  - 20) were performed on an Instron
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te s t in g  machine using the load c y c lin g  mode a t a frequency o f about 
4 cycles/m inute  and on an Avery midget p u lsa to r machine using a constant 
displacement mode a t up to  50 Hz, The 3“ POint bending r ig  used on the 
Avery machine is  shown in  F ig . 38 in  th is  case fo r  reversed bending. By 
removing th ree  o f the load ing  r o l le r s  i t  could a lso be used fo r  
u n id ire c t io n a l fa tig u e  te s t in g .  U n fo rtuna te ly  lo c a l damage beneath the 
c e n tra l load ing  r o l le r s  made i t  im possib le to  ca rry  out s a t is fa c to ry  
3 -p o in t te s ts  in  reversed bending. The fa tig u e  curve obtained in  
u n id ire c t io n a l 3 -p o in t bending is  shallow  (F ig , 39) and the re s u lts  were 
w ide ly  sca tte re d . The minimum value o f fa tig u e  s treng th  a t 10 cycles was 
approxim ately 75$ o f the s ta t ic  f le x u ra l s tren g th  o f the composite.
R esults obtained a t d if fe re n t  frequencies f e l l  in to  a s in g le  s c a tte r  band 
and there  was th e re fo re  a n e g lig ib le  frequency e f fe c t  over the frequency 
range examined. The fa i lu re  mode was s im ila r  to  th a t observed in  the s ta t ic  
te s ts  and in i t ia t e d  by compressive b u d d in g . F a ilu re  appears to  have 
occurred suddenly ra th e r than in  a progressive manner.
The e f fe c t  o f temperature on low frequency fa tig u e  was also examined 
and found to  be s im ila r  to  th a t observed in  the short beam te s t .  An increase 
in  temperature s h if te d  the S-N curve down the y  a x is . V isua l and S.E.M. 
examination revealed delam ination and compressive damage in  the beam tes ted  
a t -  10° C w h ile  a t h igher temperatures p la s t ic  deformation occurred 
beneath the c e n tra l load ing  r o l l e r .  (F ig s , 40 -  4 4 ) .  The complicated nature 
o f the fa i lu re  in  the compression reg ion  o f the specimen tes ted  a t 50^ C i s  
shown in  F ig . 42, and the d ra s t ic  e f fe c t o f r o l le r  damage during fa tig u e  a t 
70° C i s  shown in  F ig , 44° The specimen d id  not separate in to  two halves and 
the photomicrograph shows how the compressive buckles occur a t the contact 
edges o f the r o l l e r .
Fatigue te s ts  were also ca rr ie d  out in  4” P ° in t bending using 
aluminium a llo y  backing p la te s  on the te s t  pieces to  prevent the r o l le r  
in d e n ta tio n  problems. Although the backing p la te s  were s a t is fa c to ry  fo r  the 
s ta t ic  te s ts  i t  was found th a t during  fa tig u e  the backing p la te s  were 
indented and they even tua lly  peeled away from the te s t  p ie ce , To overcome 
th is  a 4 -p o in t pure bending r ig  was designed in  which a s t r ip  te s t  piece 
cemented in to  two aluminium a llo y  end pieces was used (F ig , 45 ). The load 
was app lied  through trunn ions se t on the end p ieces, th is  e lim ina ted  the 
the d i f f i c u l t ie s  o f the 3 -p o in t te s t .  Two te s t piece con fig u ra tio n s  were
used, a p la in  te s t s t r ip  and a waisted te s t  piece in  which the c e n tra l 
sec tion  was reduced to  1 .5  aim th ickness by g rin d in g  from each side w ith  a
66
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F ig .40 F rac tu re  surface in
the tensile  region at -10° C
F ig .4 I Delam inated surface 
in the tensile  region at -10°C
F ig .4 3 C om pressive failure
region at +50°C
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OBTAINED IN THE FLEXURAL 
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Fig. Effect of ro lle r  
damage at +70°C
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250 mm diameter wheel. The re s u lts  o f these experiments are a lso shown in  
F ig . 59 I t  should be noted th a t since the 4 -p o in t bending te s ts  were ca rrie d  
out in  reversed bending, the s tre ss  scale represents the semi-range o f
s tress  fo r  4~poin t te s ts  and the whole s tress  range fo r  u n id ire c t io n a l
3-p o in t te s ts .
The e ffe c t o f fa tig u e  on reversed 4 -p o in t bending was f a i r l y  d ra s tic  
and the s treng th  a f te r  10^ cycles was only 30% o f the s ta t ic  s tre n g th . The 
p la in  te s t  piece fa i le d  by delam ination close to  the n e u tra l p lane, but there 
was no evidence o f any other damage to  the specimen and the crack d id  not
appear to  penetrate in to  the end piece by more than a few m ill im e tre s . The
delam ination reduced the s t if fn e s s  o f the te s t  piece which in  tu rn  reduced 
the e ffe c t iv e  s tress  s ig n if ic a n t ly ,  the f i r s t  fa i lu re  ©vent th e re fo re  
term inated the te s t and complete separa tion o f the te s t  piece d id  not occur. 
The waisted te s t piece fa i le d  i n i t i a l l y  by te n s ile  fa i lu re  a t the surface, 
fo llow ed by delam ination when the crack had penetrated about o ,5 mm or le s s .
2.5 SHEAR STRENGTH DETERMINATION
The in te r la m in a r  shear s tren g th  o f the composite and the shear s treng th  
o f the re s in  were determined by the fo llo w in g  methods*
2 .5 .1  DETERMINATION OF THE INTERLAMINAR SHEAR STRENGTH (ILSS)
Two methods were used fo r  ILSS de te rm ina tion ,
2 .5 .1 .1  Short beam te s t
Th is i s  the most simple method to  perform and i t  cons is ts  o f bending 
a beam in  which 1/d  is  sm all enough to  produce an in te r la m in a r shear fa i lu re  
on the n e u tra l p lane. The ILSS was ca lcu la ted  from the e la s t ic  theory 
equations-
T  SB = 3P 
4bd
The re s u lts  are shown in  F ig , 46 fo r  both composite systems.
Examination o f the fa ile d  te s t pieces revealed th a t fa i lu re  occurred 
by fle x u re  ra th e r  than by in te r la m in a r shear on the n e u tra l p lane, (F ig s , 47~ 
48 ), Shear fa i lu re  was only observed in  composites con ta in ing  more than 
0 .6  Vf type I  un trea ted  f ib re s  in  the 828/HPA/BDMA epoxy re s in  system. This 
method i s  th e re fo re  unsu itab le  fo r  the de term ination  o f ILSS o f most o f the 
composites examined.
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FIG. 47 X 1000
Type 1/828 Composite 0.6V^
Short beam interlaminar fracture
FIG. 48 Type 11/828 Composite 0.6V^ 
Short beam interlaminar fracture
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2 .5 *1 ,2  D ire c t s in g le  shear (DnS .S .) te s t
This is  an a lte rn a tiv e  to  the short beam te s t  and i t  cons is ts  o f 
propogating a crack on a predeterm ined in te r la m in a r p lane. The specimens 
were secured in  a i r  g r ip s  on an In s tro n  ta b le  model te s t in g  machine and 
tes te d  a t a crosshead speed o f -j ram/min. Good alignment o f the te s t 
piece is  im portan t since ro ta t io n  o f the specimen may a f fe c t  the value o f 
shear s treng th  obtained (F ig . 50) The shear s treng th  was ca lcu la ted  from 
the equation
^D .S S  = £  where 1 = leng th  o f fra c tu re  su rface ,
b l
The average re s u lts  o f D.S.S. te s ts  ca rrie d  out on the HTS/DLS 60 
prepreg m a te ria l fo r  d i f fe re n t  types o f te s t piece shown in  F ig . 49 are 
given in  Table 3 . The specimen in  F ig . 49a was used to  determine the shear 
s treng th  across the prepreg la y e rs . Attempts were made to  reduce the e ffe c t 
o f the s tre ss  concentra tion  a t the ro o t o f .the notch in  the above specimen 
by d r i l l i n g  a Hole (F ig . 49b ). The rad ius  o f curvature o f the notch was 
s ig n if ic a n t ly  reduced, however the values obtained fo r  DSS were very 
s im ila r  to  those using the specimen in  F ig . 49a. A th ir d  te s t piece (F ig .
49c) was used to  determine the shear s tren g th  in  the re s in - r ic h  reg ion 
between the prepreg la y e rs *  In  th is  case the values o f DSS were lower than 
those obtained w ith  the o ther te s t  pieces and the s c a tte r  o f the re s u lts  v/as 
w ide r. I t  i s  very d i f f i c u l t  to  cut the specimen so th a t fa i lu re  always occurrs 
in  the re s in - r ic h  reg ion , th is  may exp la in  the wide s c a tte r  o f re s u lts .
D.S.S. te s ts  were also c a rr ie d  out on Morganite f ib re  -  828/HPA/BDMA 
epoxy re s in  composites using the specimen in  F ig . 49a. The re s u lts  are shown 
in  F ig . 50, the value o f T DSS decreased w ith  f ib re  Vf  fo r  un trea ted  f ib re  
composites w h ile  fo r  the tre a te d  f ib re  composites X DSS was independent o f 
Vf up to  o.6 -  o.7 V f, above th is  value however i t  f e l l  ra p id ly ,
S.E.M. examination o f the fra c tu re  surfaces revealed th a t the f ib re s  
were u s u a lly  coated v /ith  re s in  in  the tre a te d  f ib re  composite, but in  
composites con ta in ing  type I  un trea ted  f ib re s  the fra c tu re  surface was c lean .
High and low frequency fa tig u e  te s ts  were also performed on the Avery 
and In s tro n  machines re s p e c tiv e ly  and the re s u lts  are shov/n in  F ig . 51. The 
S-N curve is  steeper than th a t obtained in  the bend te s ts ,  there  is  a lso a 
n e g lig ib le  frequency e ffe c t over the frequency range examined ( i . e .
4 -  3000 c y c l e s / m i n ) .
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34.
SPEC. NO. 1tea dcan T max
8/2/B3 ' 5 .2 2.65 57.0 Mn/m2
7/2/B5 A .3 2.70 65.0
1/1/B6 A .7 2.50 67.5
1/1/B5 3.7 2 .AO 61.7
Table '3  A
SPEC. NO. 1mm dmm LOAD N T MN/m2
7/2/B7 5.5 2.7 970 65.0
A/1/A8 A .2 2.3A 650 66.1
A/1/A9 3.5 2.35 A95 60.0
T a b le ‘3 B
SPEC. NO. bcm 1mm
CMs*5
1/1/A8 2.75 3.76 50.0
1/1/A8 3.33 3.68 57.8
9 /2 /A 8 3.6A 3.50 56.7
9/2/AL' 3.83 3.10 59.3
9/2/B3 A. 95 2.90 37.5
9 / 2 /B2 5.30 3.20 60.0
Table -B C 
R esults of the D irec t Single Shear tes ts
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2 .5 ,2 . D E T E R M I N A T I O N  O F  R E S I N  S H E A R  S T R E N G T H
Two methods were used to  determine the re s in  shear s tren g th  and the 
re s u lts  are shown in  F ig , 52,
2 . 5 . 2 !  Punch shear te s t
This te s t i s  w ide ly  used in  the adhesives in d u s try  to  determine the 
shear s treng th  o f the ©poxy re s in  systems. I t  cons is ts  o f punching a d isc 
from a re s in  sheet. The r ig  is  shown in  F ig , 53 and the te s t  was performed 
on an In s tro n  te s tin g  machine a t a crosshead speed o f . The re s in
shear s tress  is  given by the equation
^ P 5 ~ P P = load to  fa i lu re
2T7 rd  ^ „  paaj_us 0f  £ isc
d *  th ickness o f the d isc
The re s u lts  are shown in  F ig , 54 o f the punch shear te s t  and are in
good agreement w ith  the shear s tren g th  obtained in  the D,S,S. te s t ,
2 .5 .2 ,2  Plane s tra in  compression te s t
In  th is  te s t  a re s in  sheet i s  compressed between two f l a t  d ie s . The 
te s ts  were ca rrie d  out on an In s tro n  machine a t a crosshead speed o f 
0.05 cra/min. A c a lib ra t io n  curve was obtained by perform ing the te s t on the 
dies and the supporting r ig  w ithou t the specimen. The te s t  was repeated w ith
the specimen and the s t ra in  in  the specimen was ca lcu la ted  by su b tra c tin g
the d e fle c tio n  a t any load in  the f i r s t  curve from the d e fle c tio n  a t the 
same load in  the second curve w ith  the a id  o f an In s tro n  Data Logger System 
2415. A tru e  s tre s s -tru e  s t ra in  curve was p lo tte d
CT = P B = d ie w idth
BW W = die th ickness
^  = d (P) -  d, (P) d (P) = d e fle c tio n  on curve 2 a t
T load P
d r (P) ss d e fle c tio n  on curve 1 a t 
load P
T = specimen th ickness
2 '6 IMPACT RESISTANCE
The impact res is tance  o f the m a te ria l was measured on a m in ia tu re  
Charpy impact te s te r  w ith  a hammer v e lo c ity  o f 5 m /s. The energy absorbed 
by the specimen was ca lcu la ted  from the decrease in  the k in e t ic  energy o f
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o p
J = £  ra( V „ « XL ) J = energy absorbed by the specimen
2  ; '
Vq = v e lo c ity  o f the pendulum w ithou t 
a specimen 
V| = v e lo c ity  o f the pendulum w ith  a 
specimen
The pendulum v e lo c ity  was measured e le c tro n ic a lly  using a reference 
marker which a c tiva te d  a p h o to ce ll attached to  the pendulum. The e f fe c t  o f 
the fo llo w in g  parameters on impact res is tance  was in v e s tig a te d :-
2 .6 .1  ( i )  E ffe c t o f volume fra c t io n
The e ffe c t o f Vf on the impact res is tance  o f the composite is  shown in  
F ig . 55* The re la t io n s h ip  is  l in e a r  w ith  Vf up to  o*5 V^ , above th is  value 
however the increase in  impact res is tance  is  le ss  marked.
2 .6 .2  ( i i )  E ffe c t o f temperature
Specimens o f the prepreg m a te ria l were placed in  the temperature 
chamber fo r  -g- hour -  1 hour and then q u ic k ly  te s te d . The re s u lts  are shown 
in  F ig , 56, The amount o f energy requ ired  to  break the specimen was given by 
two almost h o r iz o n ta l s tra ig h t l in e s ,  the h igher value being 70 -  90 KJ/M2 
and the lower value about 40 KJ/M^. The la rg e s t values were obtained a t the 
lowest temperatures (*»70° C -30° C) ,
A diagrammatic rep resen ta tion  o f the fra c tu re  modes a t various 
temperatures i s  given in  F ig . 57, At low temperatures there  was extensive 
delam ination w ith  a narrow reg ion  o f compressive damage. Above -30° C the 
extent o f compressive damage g ra d u a lly  increased w ith  temperature but there 
was a reduc tion  o f de lam ina tion . F ig s . 58 -  60 are low m a g n ifica tio n  S.E.M. 
photomicrographs o f impact specimens tes ted  a t - 30° C, + 30° C and + 50° C. 
which i l lu s t r a t e  the v a r ia t io n  in . the w id th  o f the compressive zone. At 
h igher m agn ifica tions  the h igh  and low temperature fa ilu re s  lo ok  very 
s im ila r ,  F ig s . 6 l and 62 i l lu s t r a te s  the ty p ic a l f ib re  fa i lu re  in  the 
compressive reg ion and clumped f ib r e  p u ll-o u t  is  shown in  F ig s . 63 -  6
2 .6 .3  E ffe c t o f 1 /d
Specimens o f d if fe re n t  th ickness (2 mm -  12 mm) were tes ted  a t a
constant span L . Three specimens were tes te d  a t each th ickness and the
t h e  h a m m e r ,
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re s u lts  are given in  F ig , 65. In  some cases i t  was found th a t the 5J 
hammer d id  not break the specimen and th e re fo re  a 15J hammer was used.
The e ffe c t o f changing hammers was in v e s tig a te d  by te s tin g  specimens o f 
in te rm ed ia te  th ickness with, both hammers and the d iffe re n ce  was found to  
be n e g lig ib le .
At h igh values o f 1 /d  (78) the value fo r  impact energy absorbed 
was independent o f 1 /d , At lower values however the amount o f energy 
requ ired  to  break the specimen rose very ra p id ly .  The values fo r  impact 
energy are th e re fo re  not n e ce ssa rily  comparable a t d i f fe re n t  1 /d  r a t io s .
2 .6 ,4  E ffe c t o f notches
Specimens o f d i f fe re n t  th icknesses were notched using e ith e r  a 
0,006 in ch  wide diamond c u tt in g  wheel or a spec ia l V notch c u tt in g  wheel 
attached to  a standard m il l in g  machine. Some o f the V-notches were 
sharpened w ith  a sca lpe l to  increase the s tre ss  concentra ting  e ffe c t o f 
the no tch . The re s u lts  are g iven in  F ig . 66 fo r  the Morganite -  828/HPA/BDMA 
composite system ( in  terms o f /d  -  d ^  where drt is  the notch d ep th ). A l l  
o f the specimens examined e xh ib ite d  a predom inantly clumped p u ll-o u t  type 
o f fa i lu r e  and p a ra l le l s p l i t t in g  was observed in  most cases a t the ro o t 
o f the no tch .
O OxQ ( M O OH ,H 00 ft*
(yu/psf) PQ/p TSjeuR qoudmi
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C H A P T E R  5  ' D I S C U S S I O N
3.1 INTRODUCTION
In  th is  sec tion  the e f fe c t  o f using high s tren g th  i . e .  h igh modulus, 
carbon f ib re s  to  re in fo rc e  r e la t iv e ly  weak re s in  m atrices is  discussed. The 
fa c to rs  a ffe c t in g  the f le x u ra l,  shear, impact and fa tig u e  p ro p e rtie s  and 
also the s u i t a b i l i t y  o f conventiona l te s t in g  techniques are considered,
3 .2  FLEXURAL STRENGTH
The f le x u ra l s treng th  o f the composites was ca lcu la ted  using the 
3 -p o in t bend te s t .  According to  e la s t ic  theory ana lys is  the te n s ile  s tress  
in  the d ire c t io n  o f the f ib re s  i s  given b y :-
° z  = My where M is  the bend,ing moment
1 y  is  the d istance from the n e u tra l
plane
X l i s  the moment o f in e r t ia  o f the 
beam
The d e fle c tio n  o f the beam d i s  given b y :-
d = P L ^ where E is  the Youngs modulus o f the
48 E l m a te ria l
The te n s ile  and compressive stresses are the re fo re  g rea tes t a t the 
outer surfaces o f the beam and an increase in  the d e fle c tio n  o f the beam 
produces an increase in  these s tresses . When e ith e r  the te n s ile  or 
compressive s treng th  o f the composite is  exceeded fa i lu re  occurs. Since 
the f ib re s  are much s tronger than the m a tr ix  nea rly  a l l  o f the s tress  is  
borne by them and the s treng th  o f the composite is  a fu n c tio n  o f the f ib r e ,V f .  
This i s  given by a law o f m ixtures re la t io n s h ip  (5 6 ) :-
CT composite b 02V f + (T (1 “  V f)X III
<5 i s  the te n s ile  s tress  borne by the m a tr ix  when the composite is  s tra in e d  
01
to  i t s  U,T,S,
In  p ra c tic e  the fa i lu re  process is  u s u a lly  more complicated than th a t 
described above. The concen tra tion  o f s tre ss  beneath the c e n tra l load ing  
r o l le r  tends to  cause lo c a l p la s t ic  deform ation in  the re s in  which even tua lly
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re s u lts  in  a buck ling  fa i lu re  o f the f ib re  in  th is  reg ion (F ig .  18)
The compressive buck ling  damage causes a re d is t r ib u t io n  o f s tress  which 
causes premature fa i lu re  o f the composite. I t  i s  possib le  to  reduce the 
lik e lih o o d  o f compression in i t ia t e d  fa i lu re  as fo llo w s :-
( i )  The L /d  o f the beam may be increased . The f le x u ra l s tress  in  the 
composite i s  given by the equa tion :-
cr = 3 PL
2 / bd2
An increase in  L /d  reduces the load nesessary to  produce a given 
f le x u ra l s tress  and th e re fo re  the tendency to  produce the compressive
buck ling  fa i lu re  is  a lso reduced ( l.e fs . 78 and 79)«
( i i )  The 4 -p o in t bend te s t  may be used ins tead  o f the 3~point te s t (7 2 ).
The load necessary to  produce a given s tre ss  is  then borne by two r o l le r s  
ins tead  o f one and the lo c a l s tre ss  concentra tion  is  s ig n if ic a n t ly  reduced.
The re s u lts  o f the 4“ po in t bend te s ts  c a rr ie d  out on HTS/DLS 60 prepreg 
m a te ria l in d ic a te  th a t compressive b u d d in g  v/as not com pletely suppressed 
unless backing p la te s  were used. The re s u lts  obtained using aluminium a llo y  
backing p la te s  were f a i r l y  close to  those p red ic ted  in  the ru le  o f m ixtures 
equation (R e f. 56 ). The 4 -p o in t bend te s t is  the re fo re  a more s a t is fa c to ry  
te s t  fo r  f le x u ra l s treng th  determ ination  than the 3 -p o in t te s t  p rov id ing  
th a t lo c a l in d e n ta tio n  can be avoided.
( i i i )  The y ie ld  s treng th  o f the re s in  a lso a ffe c ts  the f le x u ra l s treng th  o f 
the composite. Values obtained in  the long beam 3 -p o in t bend te s ts  (L /d  = 20) 
c a rr ie d  out a t temperatures ranging from -  50° C to  + 70° C in d ic a te  th a t a t 
h igh temperatures the re s in  v/as deformed much more e a s ily  and the compressive 
buckle th e re fo re  occurred a t a lov/er lo a d . At ve£y low temperatures (-50°C 
and -30° C) however the y ie ld  s tren g th  o f the re s in  was much h igher and the 
f ib re s  fa ile d  in  tens ion  on the ou ter surface o f the beam in s tea d ! o f b u d d in g  
beneath the c e n tra l load ing  r o l l e r .  The value obtained fo r  f le x u ra l s treng th  
o f the composite max was very close to  the law o f m ixtures p re d ic tio n  and 
th is  i s  again associated w ith  a suppression o f compressive buck lin g .
I t  may be concluded th e re fo re  th a t although the s treng th  o f the f ib re s
c o n tro l the maximum a tta in a b le  f le x u ra l s tre n g th , the ac tua l s treng th  may be
lim ite d  in  the 3 -p o in t bend te s t  by the mechanical behaviour o f the re s in .
The re s in  p ro p e rtie s  a f fe c t  the fa i lu re  mode and i f  compressive b u d d in g  
occurrs the value o f f le x u ra l s treng th  is  reduced. I t  would the re fo re  be 
b e n e fic ia l to  use h ig h ly  c ross linked  re s in  systems (Baf;. 35) which remain 
e la s t ic  up to  the f ib re  fa i lu re  s t ra in  in  order to  achieve optimum f le x u ra l
s tren g th  performance.
3*3 INTERLAMINAR SHEAR STRENGTH
The previous sec tion  d e a lt w ith  the determ ination o f f le x u ra l 
s treng th  using the 3 -p o in t bend te s t a t 1 /d  o f approxim ately 20, Shear 
stresses are a lso produced in  the beam during bending, these stresses are 
zero a t the ohter surface o f the beam and maximum a t the n e u tra lsp lane •
The maximum shear s tress  a t the n e u tra l plane is  given by the e q u a tion :-
Yg g = 3 P SB is  the in te r la m in a r shear s treng th
o f the short beam
cr 2l
Gombining the equations fo r0 ~  andt^gthe re la t io n s h ip  ^ ^ = ^ g - i s  fr /
obtained, i t  should be poss ib le  th e re fo re  to  a l te r  the fa i lu re  mode by 
changing L /d .  I f  the r a t io  o f the f le x u ra l s treng th  to  in te r la m in a r shear 
s tren g th  is  g rea te r than L /d  fa i lu re  should occur by in te r la m in a r shear on 
the n e u tra l plane o f the beam. The 3 '-po in t bend te s ts  used to  ca lcu la te  ^SB X
were ca rrie d  out a t an 1 /d  o f 5°
In  p ra c tice  premature buck lin g  s im ila r  to  th a t described in  the 
previous sec tion  occurred { R e f,72 &73) ra th e r than in te r la m in a r shear fa i lu re  
and v is u a l observation o f the broken te s t pieces in d ica te d  a f le x u ra l fa i lu re  
in i t ia t e d  in  the compressive re g io n . The f le x u ra l s treng th  o f the composite 
decreased as L /d  was reduced because la rg e r  loads were requ ired  to  produce an 
equ iva len t s tress  in  the sho rte r beams and th e re fo re  the s tress  concentra tion  
e ffe c ts  around the load ing  r o l le r  were more severe. In  order to  ob ta in  a 
shear fa i lu re  L /d  would th e re fo re  have to  be ra th e r le ss  than ^ . 78
and 79 ). I t  i s  extremely d i f f i c u l t  to  produce a tru e  in te r la m in a r shear fa i lu re  
in  a composite which has an in te r fa c e  s treng th  o f more than about 3% of i t s  
f le x u ra l s tren g th  because the L /d  would have to  be im p ra c t ic a lly  low . The on ly 
composites which fa i le d  by in te r la m in a r  shear on the n e u tra l plane were those 
con ta in ing  more than 0 ,6  Vf un trea ted  type I  f ib re s  and in  th is  case is  
about 30, There was some delam ination in  the  re s in - r ic h  reg ions o f the 
HTS/DLS 60 prepreg m a te ria l but since i t  d id  not u su a lly  occur on the n e u tra l 
plane or extend the whole le ng th  o f the plane, i t  was not considered th e re fo re  
to  be a tru e  in te r la m in a r shear f a i lu r e .  There are two main causes o ffe
delam ination, (a) f ib re s  which obs truc t the main crack t r a v e ll in g  across the 
beam and d iv e r t  i t  p a ra l le l to  the f ib re s ,  th is  is  presumably due to  the s tre ss
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d is t r ib u t io n  around the crack t ip ,  and (b) buckled f ib re s  a t the base o f the 
compressive fa i lu re  zone v/hich open up cracks p a ra l le l to  the f ib re s .
In te rp re ta t io n  o f sho rt beam re s u lts  is  d i f f i c u l t  even fo r  composites 
which fa ile d  by in te r la m in a r shear on the n e u tra l p lane. The fa i lu re  inc ludes 
c o n tr ib u tio n s  from both re s in  and f ib re /m a tr ix  in te r fa c e  and the value o f 
ILSS th e re fo re  depends on the re la t iv e  amounts o f these c o n tr ib u tio n s .
Consider a section  o f the m a te ria l perpend icu la r to  the f ib re  d ire c t io n  in  
which the f ib re s  are arranged in  a square a rray  (F ig , 67 ). The shear fo rce  on 
the n e u tra l plane is  borne by f ib re /m a tr ix  in te r fa c e  and re s in  which have 
surface areas equ iva len t tOTfsj and x  re s p e c tiv e ly . As the f ib re  Vf is  increased 
the in te r f ib r e  d istance x  is  reduced (F ig .  68 ), T he o re tica l curves o f shear 
s tren g th  a t d if fe re n t  V f*s  are shown in  F ig , 69 fo r  assumed f ib re /m a tr ix  
in te r fa c e  s treng ths o f 10, 20, 30 and 40 MN/m2 , and the ca lcu la ted  re s in  
shear s tren g th  o f approxim ately 40 MN/ra2  The ac tua l values o f ILSS obtained 
fo r  the short beams v/hich fa i le d  by in te r la m in a r shear are a lso shown in  th is  
F ig . as v /e ll as the re s u lts  obtained from the DSS te s ts .
The crack path le ng th  is  increased by the presence o f the f ib re s  so th a t 
fo r  q u ite  low values o f the shear s treng th  o f the composite would be h igher 
than th a t o f the re s in .  Zero in te r fa c e  s treng th  would lead to  a ra p id  decrease 
in  the composite shear s tren g th  as the f ib re  Vf is  increased, becoming zero , 
a t V f = 0 .8 , i . e ,  when the f ib re s  touch in  the assumed geometry. V isua l 
observa tion o f fa i le d  te s t pieces from .the  short beam and DSS te s ts  revealed 
th a t the untreated f ib re  composites fa i le d  along the in te r fa c e  ( /$ !&  47)» 
whereas the tre a te d  f ib re  composites fa i le d  predom inantly in  the re s in , although 
there was again evidence o f some in te r fa c ia l  fa i lu re  (R ef. ®t>), This would im ply 
th a t the in te r fa c ia l  s treng th  o f the un trea ted  f ib re  composites was about 
10 MN/m2  and aboxit 30 MN/m2  fo r  the tre a te d  f ib re  composites i . e .  s im ila r  to  the 
shear s treng th  o f the re s in .
In  the composites examined in te r la m in a r shear fa i lu re  was on ly  observed 
in  the short beam te s t  when the f ib re /m a tr ix  in te r fa c e  s treng th  was very low 
and th is  i s  a very serious l im i ta t io n  on the usefulness o f th is  te s t .  The DSS 
fa i lu re  on the o ther hand always occurred on a predetermined plane and i t  is  
th e re fo re  much eas ie r to  in te rp re t  the re s u lts  o f th is  te s t .  The disadvantage 
o f t h is  te s t i s  the s tress  concen tra tion  a t the ro o t o f the notch, attempts to  
reduce the e ffe c t o f th is  s tre ss  concen tra tion  by reducing the rad ius  o f 
curvature  o f the notch t i p  were unsuccessfu l. In  the DSS te s t  the s tress  is  
a u to m a tica lly  concentrated in  the re s in  and in  the f ib re /m a tr ix  in te r fa c e .
9 2
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FIG.67 FIBRES ARRANGED IN A SQUARE 
.ARRAY
FIG.68 EFFECT OF Vf  O N  INTERFIBRE DISTANCE
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In most practical cases the notch radius is large compared to the interfibre 
distance and increasing the radius of the notch had very little effect on the 
value of interlaminar shear stress obtained. The presence of the fibres 
presumably affects the stress distribution around the notch.
Visual observation of the failed DSS test pieces showed that the 
untreated fibre composites failed along the interface whereas the treated 
fibre composites failed predominantly through the resin (Mg, 77), although 
there was some evidence of interfacial failure. The value ofYi for treated 
fibre composites is therefore probably slightly higher than that indicated 
in Fig, 69.
In the composites examined it is evident that interlaminar shear failure 
only occurs=in the short beam test if the fibre matrix interface is very weak 
and this imposes a serious limitation on the use of this test. The DSS test 
failure always occurs on a predetermined plane and it is therefore 
qualitatively easier to interpret. The stress concentration effects are a 
disadvantage although for practical applications the values obtained for % DSS 
are a conservative estimation of the true X ILSS and therefore composite 
efficiency is sacrificed rather than composite safety when using these values. 
Neither of the above tests can therefore be guaranteed to give reliable 
values of interlaminar shear strength but they do give some indication of 
likely failure modes of the composite and possible ways of improving their 
interlaminar shear properties,
3.4 IMPACT RESISTANCE
The energy absorbed by the composite during impact is affected by
contributions from both fibre and resin. In the composites examined both the
\
fibre and resin are brittle , the energy required to produce new surface is 
small. The impact results however show that the energy absorbed by the 
composite can be very high depending on the failure mode.
In the Charpy test failure occurred in one of the following ways (R©£,
92)
(a) In a brittle manner, the energy required to produce new surface being 
provided by the strain energy stored in the beam , this is given by the 
equations-
.2
U - l C T V f L b d  
9 2E
If the stored energy is greater than the surface energy required, the excess 
is dissipated in the form of heat, vibration and kinetic energy of the test 
piece. The excess cannot however be returned to the pendulum and it is 
therefore impossible to calculate the amount of excess energy involved and
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this constitutes a major disadvantage of the Charpy test.
(b) In some cases the crack progressed in a series of steps at a slower 
rate than the pendulum. The cross-section and stiffness of the beam were 
progressively reduced and the pendulum continued to transfer energy to the 
test piece. The initial damage in the “progressive* failure was usually the 
compressive buckle mentioned in the previous section and there was also a 
contribution to energy absorption from fibre/matrix debonding and pull-out.
(c) Composites which have very poor fibre/matrix bonding properties usually 
failed by multiple shear in which cracks propogated parallel to the fibre 
direction. The composite virtually disintegrated and the energy required to 
break it was very high because of the large amount of new surface created.
A number of factors were found to affect the failure mode during 
impact, (Refs, 3 5 ? 8l? 9 1 ? 9 2) these include:-
The strain energy of type II high strength fibres is about four times 
that of type I high modulus fibres and this is reflected in the impact 
results (Fig. 5 5 ). For applications in which impact resistance is more 
important than modulus type II fibre composites should be used (Refs, 92 and
93)•
3,4*2 Fibre surface treatment
The fibre surface treatment affects the fibre/matrix interface 
properties and hence the failure behaviour of the composite (Hefs, 3 3 , 94 
and 9 5), The untreated fibre composites have low interlaminar shear 
strengths and they usually failed by multiple shear and the absorption of 
a large amount of energy whereas the treated fibre composites usually failed 
in a progressive manner. It appears therefore that a reduction of fibre/matrix 
bond strength improves the impact properties of the .composite. It should be 
noted however that the Charpy test gives no indication of the threshold energy 
necessary to initiate damage and this may be extremely important for practical 
applications in which the component must also retain its strength and stiffness,
3*4*3 Fibre volume fraction
At low fibre Vf*s the failure was usually brittle and the strain energy 
stored in the specimen was greater than that required to produce new surface.
As the fibre Vf was increased the beam tended to fail in a progressive manner, 
usually initiated on the compressive side of the beam. At high fibre Vf*s the
9 6
the interfibre distance is very small and there is therefore a greater 
likelihood that voids will be present due to the incomplete wetting of fibre 
during moulding and this favours the multiple shear failure mode. Unfortunately 
the strength and stiffness of the beam are significantly reduced at high fibre 
Vf’s and this tends to offset the increased impact resistance due to multiple 
shear.
3*4*4 L/d ratio
The L/d ratio affects the relative flexural and shear stresses set up in 
the beam and this influences the failure mode of the composite (R&fs. 90 and
91), At high L/d the failure was flexural and the Charpy results indicate that 
the energy absorbed is independent of L/d above L/ds7 Below this value the 
impact resistance rises sharply, partly due to multiple shear failure and 
partly due to the physical restraint on the hammer. Unfortunately in the 
composites examined the standard Charpy configuration is near the critical 
L/d ratio and comparison of the results obtained at different L/d*s must be 
treated with great caution.
3.4*5 Mechanical properties of the resin
At high temperatures the resin was deformed much more easily and this 
caused fibre buckling in the compressive region which resulted in a 
progressive* type of impact failure. The impact resistance was highest at
very low temperatures and once again it is emphasized that a highly cross-
linked brittle resin is better than a more flexible one for greatest impact 
resistance. At low temperatures the failure occurred in a progressive manner 
but there was also some delamination. The delaraination should not be confused 
with multiple shear since it is uaually the result of diversion of the crack
travelling perpendicular to the fibres rather than shear.
3 *4 * 6 Effect of notches
The presence of a notch perpendicular to the fibre direction usually 
caused some delamination at the root of the notch. The energy absorbed by the
notched composite has two components; the first is the energy required to
produce new surface and the second is the energy absorbed during the failure of
the rest of the beam. In practice the effect of delamination at the root of the
notch was insufficient to cause a significant change in the energy absorbed by 
the composite (Figs. 6 5 and 66), this may not however be the case in other 
composite systems. The composites examined may be regarded as notch 
insensitive, this is an important advantage for their use in practical 
applications.
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3.4*7 Manufacturing conditions
In the 0.6 Vf type II treated fibre composites which failed in a
progressive manner it was found that delamination occurred more readily 
in the well-defined resin-rich regions of the HTS/DLS 60 prepreg material 
than in the Morganite - 828/HPA/BDMA composite system.
It should be emphasized that great care is required when interpreting 
the results of Charpy impact tests. The strain energy imposes a lower limit 
on the value of impact energy absorption which can be recorded and this is 
important if the composite fails in a brittle manner. The effect of L/d on 
the impact resistance makes comparison of results obtained at different 
L/d very difficult. Despite these shortcomings however it has been possible 
to investigate the effect of various parameters on the impact behaviour of 
the composite using the Charpy test. It appears that for a given fibre Vf 
the impact resistance depends on the type of fibre used as reinforcement 
and on the mode of failure of the beam and the factors which affect it.
5*5 THE FATIGUE BEHAVIOUR OF C.F.R.P.
The effect of fatigue on the HTS/DLS 60 prepreg material was 
investigated using several different types of test. The following were 
investigated:-
3,5.1 Long and short beam 5-point bend fatigue
The values obtained from the three-point bend fatigue tests show that 
the fatigue strength is about 75% of the static strength after 10 cycles.
As in the static tests failure in both the long and short beams occurred 
initially by compressive buckling beneath the central loading roller at 
room temperature. The results of these tests must therefore be treated with 
great caution 113).
5*5.2 Four-point bending in reversed loading
The advantage of the four-point bend test v/as that it could be carried 
out in reversed bending as well as unidirectional bending. There v/as 
understandably a much more pronounced fatigue effect (FSf;, 113) in reversed 
bending, the strength after 10 cycles being only 30% of the static strength. 
The failure occurred by delamination on or near the neutral plane, this is 
very surprising since the relative shear stress should be zero on the neutral 
plane in 4-point bending. This effect may have been due to the constraint of 
the aluminium end pieces. The drastic effect of reversed bending in this test 
emphasizes the need for reliable reversed bending data.since the practical
implications of these results are very important if these composites are to 
be used for applications where they may be subjected to reversed cycling 
stresses,
3.5*3 Effect of temperature on fatigue behaviour
The effect of temperature is very similar to that observed in the static
tests. At high temperatures resin flow beneath the central loading roller 
causes premature buckling in both the long and short beam 3“Point bend 
specimens. The resin yield strength increases as the temperature is decreased 
and this is reflected in the fatigue strength of the composites. There is a 
greater tendency toward delamination during fatigue than in the corresponding 
static tests 81) which may be due to local damage in the resin-rich
regions of the prepreg material. However, the failure process usually occurs 
fairly rapidly in these tests and there is very little evidence of progressive 
crack growth. The tendency toward delamination during fatigue is an important 
consideration for the use of these composites in practical applications because 
in some cases they were split up completely into the original prepreg layers,
3 .5 .4  Direct single shear fatigue
The short beam 3~point bend test failed in flexure rather than by 
interlaminar shear, the DSS test was therefore used to investigate the effect 
of fatigue on the interlaminar shear strength. The values were between 60 and 
75% of the equivalent short beam results and the effect of fatigue was slightly 
greater in the DSS test probably due to the stress concentrating effect of the
notch. There was however no significant effect of either frequency or reversed
loading on the DSS results obtained.
None of the fatigue tests used was entirely satisfactory. The 
difficulties encountered during static tests were enhanced during fatigue and 
consequently the results obtained should be treated with caution (R&$„113),
In all of the tests it was found that fatigue in either unidirectional or 
reversed loading reduced the failure strength, in some cases quite 
drastically. The fatigue strength was a maximum at low temperatures, indicating 
again the desirability of using a relatively brittle resin matrix,
3.6 CONCLUSIONS
The following conclusions can be drawn from the results of the 
experiments carried out on the carbon fibre/epoxy resin systems,
(l) The 3 “P0int bend test for flexural strength determination must 
carried out with very large L/d ratios otherwise failure occurs by 
compressive buckling beneath the central loading roller. Compressive 
causes premature failure of the beam and although the fibre strength
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buckling 
and fibre
Vf limit the theoretical strength of the composite the actual strength is 
controlled by the mechanical properties the resin. It is therefore 
desirable to use resin systems with a high yield strength in order to attain 
the maximum efficiency from the composite material, The 4^point bend test is 
better than the 3-point test because the local stress concentration is reduced, 
it may be necessary however to use backing plates on the specimen in order to 
suppress compressive buckling completely.
(2) Neither of the tests used to determine the ILSS of the composite was very 
satisfactory. The short beam test is the standard method for ILSS determination 
but nearly all of the short beam tests failed by compressive buckling because 
of the very high local load beneath the central roller, Only composites with 
very low fibre matrix interface strengths failed by interlaminar shear. The 
results emphasize the necessity for careful examination of the failure mode 
since the values obtained for ILSS are meaningless if the first failure event 
is compressive buckling.
The D.S,S, test is an improvement on the short beam test because the 
failure occurs on a predetermined interlaminar plane. The stress concentrating 
effect of the notch reduces the value of ILSS but the value obtained is a 
conservative estimate and this is a more useful value than that derived from 
the short beam test,
(3) Temperature has a significant effect on the results and failure modes 
observed in all of the experiments. At high temperatures plastic deformation 
occurs relatively easily and this leads to premature failure by compressive 
buckling. The measured properties in all of the tests were lowest at these 
high temperatures. At low temperatures the yield strength of the resin 
increases and failure in the beam tests usually occurs by a combination of 
tensile failure on the outer surface of the beam and delamination. The 
maximum value for composite properties may be obtained by using a highly 
cross-linked brittle resin matrix. The drastic effect of temperature 
especially on flexural strength is likely to cause great difficulties when 
the composites are used for practical applications. Great attention must 
therefore be paid to changes in failure mode which occur over the operating 
temperature range.
(4) The impact properties are affected by the type of reinforcement, the 
Vf of reinforcement, the fibre/matrix interface strength and other factors 
which affect the failure mode of the composite. The L/d affects the failure 
mode and therefore the impact resistance. At high L/d ( >6) the impact energy 
absorption is virtually independent of L/d and failure occurs by flexure 
while at low L/d there is an increase in multiple shear and also a greater 
physical restraint is imposed on the hammer, both of which combine to produce
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a rapid rise in energy absorption. The variation of impact resistance with 
L/d means that great care must be taken when comparing results obtained at 
different L/d,
There is no evidence of notch sensitivity because the stress 
concentration at the root of the notch is reduced by delamination parallel 
to the fibres. The impact resistance is greatest at low temperature when 
the resin matrix is relatively brittle, The Charpy test is not entirely 
satisfactory especially when failure occurs in a brittle manner because 
the excess strain energy in the beam cannot be returned to the pendulum,
(5) The bending strength is reduced by repeated loading, A similar 
failure mode occurs in the static and fatigue tests although there is more 
delamination during fatigue. Temperature has a similar effect on fatigue 
results as in other tests and the advantage of using a brittle resin is 
again emphasized. At high temperature it is very difficult to obtain a 
satisfactory failure criterion because of the large amount of plastic 
deformation in the specimen. None of the tests used for the determination 
of fatigue strength was entirely satisfactory. The most drastic reduction 
in composite fatigue strength occurs in 4”POint reversed bending. The ILSS 
of the composite is also reduced by repeated loading, the effect being 
slightly more pronounced in the D,S,S. test. In all of the tests carried 
out, frequency has very little effect over the frequency range 4 -3 0 0 0  
cycles/min,
(6) Manufacturing variables affect the failure mode of the composite. 
Delamination occurs most frequently in the prepreg material because of the 
resin-rich layers. This may be advantageous for high impact energy absorption 
because more energy is required to produce new surface. Delamination occurs 
as a result of diversion of the main crack travelling perpendicular to the 
fibres which reduces the stress concentration at the tip of the crack. 
Unfortunately at higher temperatures the resin-rich regions become an area
of weakness because plastic deformation occurs and this leads to premature 
fibre buckling in the compressive region.
In the wet lay-up material it is noticeable that the strength of the 
composite is drastically reduced at high fibre Vf, This is probably due to 
the difficulty of manufacturing void-free composites at these high fibre 
volume fractions. Complete wetting of the fibre is not usually obtained 
when the interfibre distance is very low and the voids tend to be elongated
and therefore lead to delamination. Unfortunately delamination occurs by shear 
at fairly low stress and although the impact resistance is high due to multiple 
shear type of failure, the strength properties are usually poor and the 
composites, unless they contain treated fibres, are not as good for practical 
applications as those which contain 0,6 Vf.
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